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Piezoelectric Microcantilever Sensor (PEMS) has attracted tremendous attention 
and numerous biological and chemical detections have been demonstrated. During 
detection, adsorption induced surface stress causes the PEMS flexural resonance 
frequency shift, however, the sensing mechanism due to stress effect is still unclear. The 
goal of this dissertation is to carry out fundamental study of sensing mechanism and then 
demonstrate chemical warfare agent detection. 
When a PEMS is subject to a DC bias field, the flexural resonance frequency 
shifted as a result of Young’s modulus change in the PMN-PT layer which was 
confirmed by the measurement of width mode frequency and the relative dielectric 
constant measurement indicated that the Young’s modulus change was a result of non-
180° domain switching. Similarly, the flexural resonance frequency shift of a PEMS 
during humidity detection was also due to the Young’s modulus change which was two-
order-of-magnitude larger than could be accounted for by the mass loading alone. 
Furthermore, a negative DC field of -6 kV/cm enhanced the relative resonance frequency 
shift in humidity detection by more than 3 times of the detection without a DC bias. It 
was shown that during humidity detection, the frequency shift of the flexural mode, Δf, 
was inversely proportional to the square of the PEMS length, L2; relative resonance 
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frequency shift, Δf/f, was inversely proportional to the PEMS thickness, t; and the mass 
detection sensitivity, Δf/Δm, was inversely proportional to wL3 where w is the width.  
The Young’s modulus change and scaling were validated in another independent 
system - DMMP detection using SAM MUA/Cu2+ coated PEMS. In addition, the flexural 
frequency shift of the microporous silica powder coated PEMS followed mass loading 
model while the planar MPS coated PEMS showed two-order-of-magnitude enhancement 
indicating a continuous coating of adsorbent on PEMS is desired. 
Array PMN-PT/Cu PEMSs coated with planar MPS, SAM MUA/Cu2+, and no 
coating as control can be used to  selectively  detect  DMMP at room temperature. Other 
gas species such as acetone and ammonia were examined as well using the same array. 
The resonance frequency shifts of the array PEMSs exhibited a unique pattern in 
response to DMMP and the detection can be achieved in less than 5 minutes. 
xx 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
 
1.1 Overview of current sensing techniques 
Biological and chemical sensors have recently become a major scientific interest with a 
wide variety of biomedical, environmental and homeland security applications. Especially after 9-
11, there is an urgent need for highly sensitive sensors for rapid, real time, in situ biological and 
chemical warfare agent (CWA) detections both in the civilian and military environments. Based 
on the operation mechanism, the most popular sensing techniques can be categorized into 
the following classes: optical or fluorescence-based sensors, chemiresistive sensors, 
spectroscopy sensors, resonant sensors and others. 
1.1.1 Optical or fluorescence-based sensors 
Optical or fluorescence-based techniques are widely used in bio or chemical 
sensing areas. These techniques use fluorescence makers (labels) which will interact with 
the target samples and upon reaction they will fluoresce under excitation light. The 
methods include filtration culture methods,[1, 2] Polymerase Chain Reactions (PCR),[3-6] 
Enzyme-Linked Immunosorbent Assay (ELISA).[7, 8] These methods require labeling 
and long culture time for low concentration samples, therefore they are not real time and 
direct detections. 
There are other techniques which employ optical instruments whose optical 
properties will change when the immobilized acceptors are interacting with the target 
samples, for example, Surface Plasmon Resonance (SPR)[9, 10] and Photonic Crystal 
sensor.[11] They both look for the change in dielectric constant (refraction index as well) 
when the targets are captured by the sensors, therefore both require delicate optical setup 
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which is bulky and not portable. The minimum detectable mass changes for SPR is 
around 7.5 pg/mm2 and the photonic crystal sensor is still under development. 
1.1.2 Chemiresistive sensors 
Chemiresistive sensors are mostly used in chemical detection especially organic 
gas detection. They work on the principle that chemical reactions between adsorbed gases 
and the sensor surface induce resistance changes in the underlying sensor surface. 
Different kinds of the adsorbents are adopted, for example, metal nanoparticles[12] or 
nanowires,[13] metal oxides thin films,[14] wires[15, 16] or particles,[17] carbon 
nanotubes[18, 19] and polymer-based chemiresistors.[20, 21] Because these sensors reply 
on the electrical properties change of the adsorbents, this limits the versatility of the 
sensors. As a result, most of the results on chemiresistive sensors are not specific or 
selective; it needs a large number of adsorbents (sensors as well) to build a pattern for 
specific recognition. 
1.1.3 Spectroscopy 
There are quite a few spectroscopy techniques which have been employed for 
sensing application, such as gas chromatography-mass spectrometry (GC/MS),[22] 
passive Fourier transform infrared spectroscopy (FTIR),[23] and Raman spectroscopy.[24] 
They are bulky and expensive, unfit for portable chemical detection.  
1.1.4 Resonant sensors 
Resonant sensors include Quartz Crystal Microbalance (QCM),[25-28] Surface 
Acoustic Wave (SAW) device,[29, 30] and microcantilever sensor.[31-61][35, 53, 62-129] 
They are resonators with natural resonant frequencies. If there is a foreign mass attached 
to the sensor surface, the resonance frequency will shift. For example, QCM is very 
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sensitive to the changes of thickness on the surface, for example, every 3Å change in 
thickness will result in 5Hz change in frequency for a 5 MHz QCM. From the thickness 
change, the mass change can be deduced. However, it’s insensitive to objects that are not 
2-dimensional such as particles or spots, its mass sensitivity is low and detection 
concentration is relatively high due to its planar geometry and large surface. Even though 
QCM is not very sensitive, it’s well developed and easy to calibrate. Therefore it can be 
used to quantitatively validate the mass change in a specific process. Similar to QCM, a 
SAW device also operates at radio frequencies. Its higher frequency (~100MHz) gives it 
better sensitivity than QCM[130] and it has been used for chemical sensing studies. 
However, both QCM and SAW are centimeter-size which makes them inconvenient to 
form arrays for multiple detections.  
After microcantilever was introduced as a novel sensing paradigm in the 90s,[33, 
131] numerous sensing applications ranging from chemical,[32, 34, 40, 49, 51, 56, 59, 61, 
124, 132-135] physical,[33, 37, 119, 136-139] and biological and biomedical[31, 38, 41-
46, 48, 50, 52-54, 60, 67, 75, 90, 91, 103-105, 109, 110, 122, 126, 127, 140-149] areas 
have been demonstrated. For the chemical and biological detection, receptors were 
immobilized on the microcantilever surface to bind target chemical molecules, DNA, 
protein molecules, or bacteria. For example, Figure 1.1 showed a Scanning Electron 
Micrograph (SEM) picture of a single Escherichia coli (E. coli) cell captured on an 
antibody immobilized silicon-based microcantilever after detection.[45] Binding of target 
species to the receptors on the microcantilever surface is detected by monitoring the tip 
bending displacement or the resonance frequency shift of microcantilever. 
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Figure 1.1: A Scanning electron micrograph (SEM) micrograph of a single E. coli 
O157:H7 cell bound to the immobilized antibody layer on top of a silicon microcantilever 
[45]  
 
Microcantilevers have several advantages over the abovementioned sensing 
techniques in terms of high sensitivity, low cost, label free, versatility, array capability, 
and quick response. Single cell,[45] single virus,[41] and single DNA[46] detection have 
been achieved and single molecule[60] detection could be possible in the near future.  
 
1.2  Literature review of microcantilever sensors 
1.2.1 Detection schemes 
Typically, for micocantilever sensors, two approaches are used to perform sensing 
and detection: 1. Dynamic (Resonance) method, and 2. Static (deflection) method. 
1.2.1.1 Dynamic sensing method 
The flexural resonance frequency (f) of an oscillating cantilever beam can be 
expressed as[150] 
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1=     (Eq. 1.1) 
Where k is the effective spring constant and me is the effective mass at the tip of the 
cantilever.Assuming the effective spring constant (k) of the cantilever remains constant 
during the detection, and the effective mass me  can be obtained by approximating the 
cantilever as a point mass at the free end and for a rectangular cantilever is me=0.236m 
where m is the mass of the cantilever.[118, 123, 150] the adsorbed target species (Δm) 
can cause the resonance frequency shift Δf as  
em
m
f
f Δ=Δ
2
1     (Eq. 1.2)  
Therefore, for example, when an E. coli cell was adsorbed on the cantilever as 
shown in Fig. 1.1, the resonance frequency shifted correspondingly (Fig. 1.2 (a)). 
Equation 1.2 implies that the frequency shift is linear to the loaded mass, and Fig. 1.2 (b) 
experimentally confirmed that the frequency shift is proportional to the captured cells. 
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(a) 
(b) 
  
Figure 1.2: (a) the resonance frequency spectra of the cantilever before and after antibody 
immobilization and single cell attachment, and (b) Measured frequency shift versus the 
number of bound E. coli cells[45]  
 
1.2.1.2 Scaling law based on mass loading model 
As a sensing platform, mass sensitivity is one of the most important criteria of the 
microcantilever. From Eq. 1.2, the resonance frequency shift of the cantilever will change 
if foreign mass attaches to the sensor. The mass sensitivity (Δm/Δf) can be defined as 
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mass change (Δm) during detection over the measured resonance frequency shift (Δf). It 
depicts the capability of the response of the microcantilever to the loaded mass (target). 
The smaller the value, the more sensitive the sensor is. In 2002, Dr. J. W. Yi et al. from 
our group reported both experimental and theoretical investigations of the resonance 
frequency change and the mass sensitivity of a piezoelectric unimorph cantilever due to 
the mass loaded at the tip of the cantilever.[123] Theoretically, based on the mass loading 
model, i.e., assuming the spring constant is constant, and once the effective Young’s 
modulus and effective density of the cantilever is fixed, i.e., by maintaining the same 
layer thickness fractions, the mass sensitivity of a cantilever follows the scaling law[123] 
2
3
nn
wL
f
m
ν∝Δ
Δ    (Eq. 1.3) 
Where Δm, Δfn, L, w, and νn are the loaded mass, resonance frequency shift of the n-th 
flexural mode, length, width, and n-th mode eigen value of the cantilever, respectively. 
This indicated that the mass sensitivity of the cantilever can be improved via 
miniaturization, i.e., if the length and width were shrank 10 times, the mass sensitivity 
can be increased by 10,000 time. 
Experimentally, they examined the cantilevers composed of a lead zirconate 
titanate (PZT) layer and a stainless steel layer, and the length of the cantilevers varied 
from 4.4 mm to 13.7 mm. In Fig. 1.3, the result of the first-mode resonance frequency 
shifts, Δf, versus the loaded mass, Δm, for the cantilevers were shown with various 
lengths. The slopes are the mass sensitivities of the cantilevers. It’s clear that the shorter 
cantilever has higher mass detection sensitivity. 
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Figure 1.3: Δf versus Δm of a cantilever 0.4 cm in width and 1.37 cm, 1.05 cm, 0.75 cm, 
and 0.44 cm in length[123] 
 
 
Figure 1.4. (Δf n /Δm)(ν1 2 / νn 2)(w/w0) versus L on a double logarithmic plot[123] 
 
The normalization in Fig. 1.4 validated the scaling law depicted by Eq. 1.3. This 
model was validated by numerous publications on biological or chemical detection using 
microcantilevers.[41, 44-46, 151, 152] 
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1.2.1.3 Adsorption induced surface stress  
Adsorption-induced surface stress has been reported and characterized in a wide 
range of adsorption systems both in air and in liquid such as adsorption of molecule,[54, 
57, 59, 117, 153, 154] polymer,[155] ions,[37, 61] biological antigen,[103] protein,[104, 
105] and DNA[96, 142]. The adsorption induced surface stress arises from the molecular 
interactions which are universal and mainly originate from the following sources: 
1) Intermolecular forces of attraction and repulsion. An example was illustrated in 
Fig 1.5. - a schematic of the adsorption process of gas molecule to adsorbent layer from 
the vapor phase. The gas molecules adsorb to the adsorbent immobilized on cantilever 
surface, and upon adsorption the molecules pack with an average spacing da which is less 
than the equilibrium intermolecular spacing (d0) of the gas molecules in the ambient. 
Hence, once the gas molecules absorb on the cantilever, the cantilever surface will want 
to expand to increase the intermolecular spacing and a tensile surface stress is present as 
a result of adsorption. 
2) The electrostatic force. Typically, this kind of force is present for biological 
species because normally antigen, cell, protein, or DNA is charged in liquid. Once they 
adsorb on the sensor surface, electrostatic force is present because of the charges they 
carry. 
3) Steric force. This force is typically present between polymer-covered surfaces 
or in solutions containing non-adsorbing polymer can modulate interparticle forces, 
producing an additional steric repulsive force or an attractive depletion force between 
them.[156] 
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Figure 1.5: A schematic of adsorption induced surface stress on cantilever 
 
1.2.1.4 Static sensing method 
Because of the universality of the adsorption induced , another way of detecting 
molecular adsorption is by measuring the tip deflection of the cantilever due to 
adsorption stress. In order to generate bending or deflection, only one side of the 
cantilever is functionalized or two sides are functionalized differently.[37, 56, 57, 59, 61, 
142, 154] Therefore, one of its sides is relatively passive, whereas the other exhibits high 
affinity to the targeted analyte. As a result, upon adsorption, depending on the nature of 
the bonding of the target species, the cantilever can bend up or down because the induced 
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stresses are unequal on two sides. For example, Figure 1.6 illustrated the deflection of a 
cantilever due to the hybridization (adsorption) of DNAs. In this case, only one side of 
the cantilever was functionalized with receptors. Upon adsorption, the deflection (Δx) of 
the cantilever can be measured. The adsorption induced surface stress can be quantified 
using Stoney’s Equation, [157] 
( ) S
Yt
Lx Δ−=Δ 2
2 13 ν  
where L, t, ν, and Y are the length, thickness, Poisson’s ratio, and Young’s modulus of 
the cantilever, and ΔS is the differential surface stress of the two surfaces. 
In general, sophisticated optical instruments are needed to measure the tip 
displacement while the resonance frequency measurement can be done by electrical 
means and thereby can be easily deployable. 
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Figure 1.6: Scheme illustrating the hybridization experiment. Each cantilever is 
functionalized on one side with a different oligonucleotide base sequence (red or blue). 
(A) The differential signal is set to zero (before detection). (B) After injection of the first 
complementary oligonucleotide (green), hybridization occurs on the cantilever that 
provides the matching sequence (red), increasing the differential signal x.[154]  
 
1.2.2 Review of microcantilever sensors 
Based on the operation mechanisms and materials, microcantilevers can be 
classified into silicon-based, piezoresistive, capacitive, magnetoresistive, and 
piezoelectric microcantilevers. 
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1.2.2.1 Silicon-based microcantilever sensor 
Silicon-based microcantilever has been widely used in Atomic Force Microscopy 
(AFM) and has been demonstrated as a versatile sensing platform in a wide range of 
areas.[31-36, 38-40, 42-54, 56-61] It has several advantages over the conventional 
analytical techniques in terms of high sensitivity, label-free, quick response, and array 
capability. With the development of silicon-based microfabrication and most recently 
developed nanofabrication, the mass sensitivity of the cantilever has been boosted 
significantly. 
In 2001, Illic, et al from Cornell University reported single Escherichia coli (E. 
coli) cell detection.[45] The cantilevers they used are 5 or 10 μm wide, and 15 or 25 μm 
long (one of the cantilevers was shown in Fig. 1.1). The binding of a single E. coli cell 
caused 4.7 kHz shift in resonance frequency (see Fig. 1.2 (a)) and the detection was 
performed in air which was not in situ. The mass sensitivity of the cantilevers was 
1.4×10-16 g/Hz. 
In 2004, Gupta, et al from Purdue University reported single vaccinia virus 
detection using arrays of silicon microcantilevers with nanoscale thickness (Fig. 1.7).[41] 
The dimensions of the fabricated cantilever were in the range of 4-5 μm in length, 1-2 
μm in width and 20-30 nm in thickness. The resonance frequency of the cantilever was in 
the 1-2 MHz range with quality factor of around 5-7. After loading of a single virus 
particle, there was a 60 kHz decease in the resonance frequency (Fig. 1.8) and the mass 
sensitivity was 1.6×10-19 g/Hz. 
14 
 
 
Figure 1.7: Scanning electron micrograph showing a cantilever beam with a single 
vaccinia virus particle. The cantilever beam has planar dimensions of length, L=4 μm, 
and width, W=1.8 μm.[41] 
 
Figure 1.8: Plot of resonant frequency shift after loading of a single virus particle. [41] 
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In 2005, Ilic et al. from Cornell University demonstrated single DNA detection in 
vacuum using a cantilever fabricated from 90 nm thick low-pressure chemical vapor 
deposited low-stress silicon nitride.[46] The lengths of the cantilevers were between 3.5-
5 μm (Fig. 1.9 (a) and (b)). To localize binding site, they formed the cantilever with 
nanoscale gold dots (see Fig. 1.9 (c)) at precise locations to act as spatially and 
chemically discriminant binding sites to selectively capture disulfide modified 1578 base 
pair long double-stranded deoxyribonucleic acid (dsDNA) molecules (mDNA=999 
kDaltons). Figure 1.9 showed the frequency shift corresponding to a single dsDNA 
molecule bonding. The mass sensitivity of the cantilever was as high as 5×10-21 g/Hz and 
better than attogram (10-18 g) mass detection was demonstrated. 
 
 
Figure 1.9:  (a) Optical micrograph showing arrays of cantilevers of varying lengths. (b) 
Zoomed-in scanning electron microscope (SEM) image. (c) Oblique angle SEM image of 
the 90 nm thick silicon nitride cantilever with a 40 nm circular Au aperture centered 300 
nm away from the free end. Scale bar corresponds to 100 nm.[46] 
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Figure 1.10: Frequency spectra before (black) and after (red) the binding events show a 
frequency shift due to a single dsDNA molecule bound to the Au surface of the cantilever. 
 
In 2006, Yang et al from California Institute of Technology demonstrated 
zeptogram (10-21 g) scale mass sensing in high vacuum using a doubly clamped 
micocantilver beams (Fig. 1.11). The dimensions of the beam were 2.3 mm long, 150 nm 
wide, and 70 nm thick and the resonance frequency was around 190 MHz. As shown in 
Fig 1.11, a minute, calibrated, highly controlled flux of Xe atoms or N2 molecules is 
delivered to the device surface by a mechanically shuttered gas nozzle within the 
apparatus. Figure 1.12 showed the frequency shift upon deposition of the N2 molecules. 
The mass detection sensitivity of the device was as high as 8.6×10-22 g/Hz and the best 
mass resolution corresponds to 7 zg, equivalent to an individual 4 kDa molecule. 
In general, the advantages of the silicon based microcantilever over the 
conventional analytical techniques are high sensitivity, low cost, label free, low analyte 
requirement (in µl), and quick response.[158] However, the main challenge for silicon 
cantilever is in liquid detection capability, i.e., the quality of the resonance peak is too 
low to use in liquid. For the recently developed ultrasensitive cantilevers, they are unable 
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to sustain the damping in air, therefore, high vacuum (10-6 Torr or higher) is necessary to 
perform sensing.[43, 46, 60, 151]    
 
Figure 1.11: Experimental configuration. A gas nozzle with a 100 μm aperture provides a 
controlled flux of atoms or molecules. The flux is gated by a mechanical shutter to 
provide calibrated, pulsed mass accretions upon the NEMS device.  
 
 
Figure 1.12: Real time zeptogram-scale mass sensing experiment. Sequential mass 
depositions are executed in situ upon the 190 MHz device within a cryogenic ultrahigh 
vacuum apparatus. 
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1.2.2.2 Piezoresistive microcantilever sensor 
Typically, optical method is adopted to detect the static deflection or dynamic 
vibration of silicon based microcantilever. Alternatively, piezoresistive read-out method 
can be used.  Piezoresistive method is based on the changes observed in the electrical 
resistance of the material of the cantilever as a consequence of a surface-stress 
change.[64, 70, 74, 77]. This method involves the embedding of a piezoresistive material 
near the top surface of the cantilever during fabrication to record the stress change 
occurring at the surface of the cantilever. Figure 1.13 shows a schematic of a 
piezoresistive cantilever. Piezoresistive elements fabricated onto or into cantilevers 
comprise either semiconductor or metallic strain gauges.[159]  
 
Figure 1.13: Schematic drawing of the cross section of a piezoresistive cantilever (doped 
silicon is piezoresistive layer).[77] 
 
As the microcantilever deflects, it undergoes a stress change that will create strain 
to the piezoresistor, thereby causing a change in resistance. The relative change in 
resistance as function of applied strain can be written as:[70, 74] 
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where K denotes the Gage Factor, which is a material parameter, and δ is the strain in the 
material and R is the resistance. The subscripts l and t refer to the longitudinal and the 
transversal part of the Gage Factor. The piezoresistor material in the beam must be 
localized as close to one surface of the cantilever as possible for maximum 
strain/sensitivity.   
The piezoresistive cantilever beam can be measured by Wheatstone Bridge circuit 
as shown in Fig 1.14.[70, 74, 158] 
 
Figure 1.14: The Wheatstone Bridge Circuit used for the piezoresistive 
microcantilever.[158] 
 
The resistance of the variable resistance arm ( ) in the above figure can 
be determined by using the common Voltage divider formula and is shown as below: 
 
Numerous physical, chemical and biomedical applications have been 
demonstrated using piezoresistive microcantilevers including calorimetry,[62] humidity 
sensing,[35] TNT detection,[71] C-reactive protein detection,[68] Salmonella enterica 
detection,[63], Vaccinia virus detection,[73] and allergy check.[65] 
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In general, the advantage of piezoresistive cantilever is that the read-out 
electronics can be integrated onto the chip containing the cantilever array and it is 
unaffected by light-absorbing or scattering components in the analyte stream. Because 
current is flowing through the cantilevers while measurements are being made, local 
heating can occur and it is a major problem for practical applications, although it can be 
managed by changing the amount of current flowing through the resistive layer.[75] 
Other drawbacks to this technique are thermal, electronic, and conductance fluctuation 
noise, thermal drifts, nonlinearity in piezoresponse, and poor sensitivity.[76] In addition, 
a piezoresistor has to be embedded in the cantilever, therefore, fabrication of such a 
cantilever with a composite structure is more complicated. 
 
1.2.2.3 Capacitive microcantilever sensor 
Capacitive cantilever acts as one of the parallel plates of a capacitor.[82, 87] 
Figure 1.15 showed a schematic of a capacitive microcantilever system.[88] As the 
cantilever deflection takes place due to the adsorption of the analyte, the distance 
between the two plates changes and this changes the capacitance of the system.  
21 
 
 
Figure 1.15: Schematic drawing of the capacitive microcantilever system based on a 
laterally vibrating cantilever (s direction) electrostatically excited and with capacitive 
readout.[88] 
 
The advantage of capacitive detection is the simplicity of the associated 
electronics[83] and it is highly sensitive and provides absolute displacement. However, 
this technique is not one of the most commonly used because of a number of 
limitations.[159] To accurately record cantilever deflection, the dielectric material 
between the conductive plates must be constant throughout the experiment. The presence 
of analyte within the gap often changes its effective dielectric constant. In addition, 
although the capacitive cantilevers can be integrated onto a microchip,[83, 85, 88] scaling 
down the size of the capacitive cantilever will lower its overall sensitivity because the 
capacitance of a capacitor is directly proportional to its surface area. 
Capacitive cantilever is mainly used for gaseous phase chemical sensing since it 
does not work in electrolyte solutions due to the faradic currents between the capacitive 
plates. For gas sensing, Amirola and co-workers[81, 86] used capacitive detection of 
gaseous molecules and found the limit of detection to be 50 ppm for toluene and 10 ppm 
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for octane. Britton Jr. and co-workers demonstrated hydrogen detection using their 
capacitive cantilever array and the detection limit of the hydrogen was as low as 100 
ppm.[83] Verd and co-workers report mass resolution for their specific capacitive 
cantilever system is on the order of 10-18 g.[88]  
 
1.2.2.4 Magnetostrictive microcantilever sensor 
Recently, a research group from Auburn University developed magnetostrictive 
microcantilever (MSMC) as a sensing platform.[160-163] MSMS consists of two 
layers—one is active (magnetostrictive) and the other is inactive. MSMC is actuated 
remotely using a magnetic field. Due to the magnetic nature, the vibration of the 
microcantilever results in an emission of a magnetic signal, which is sensed remotely 
using a pickup coil. Figures 1.16 (a)-(d) illustrated the operation mechanism of the 
MEMS:[163] the length of the active layer in an MSMC would be changed with a 
magnetic field due to the magnetostrictive effect. Therefore, an applied magnetic field on 
an MSMC (Fig. 1.16 (a)) would lead to a length difference between the active and 
inactive layers, which would bend the MSMC since the active and inactive layers are 
bonded together. Therefore, a time-varying magnetic field would make an MSMC 
bending vibration as shown in Fig 1.16 (b). Due to the magnetic nature of the 
magnetostrictive alloy, the bending vibration of an MSMC would emit a magnetic signal, 
which can be measured using a pick-up coil (see Fig 1.16 (c)). If the time-varying 
magnetic field is a sine wave, the bending vibration of an MSMC would also be a sine 
function of time. The amplitude of the bending vibration of an MSMC changes with the 
amplitude and frequency of the magnetic field. Additionally, there would be a phase 
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difference between the driving magnetic field and the bending vibration. If an ac 
magnetic field is swept over a frequency range with a constant amplitude, as shown in 
Fig 1.16 (a), the amplitude of the bending vibration of the MSMC would change with the 
frequency as shown in Fig 1.16 (d).  
 
Figure 1.16: Schematic illustration of the principle of MSMC as a transducer for 
biosensors.[163] 
  
Since there is no physical connection between the MSMC and the integration 
device, this is the principal advantage of MSMCs over other microcantilevers.[161, 162] 
Another advantage of MSMC is the capability of operation in liquid. Real time in liquid 
biological detections of yeast cells[161], Salmonella typhimurium[163], and Bacillus 
anthracis spores[160] were demonstrated. 
 
1.2.2.5 Piezoelectric microcantilever sensor 
A typical Piezoelectric Microcantilever sensor (PEMS) consists of a piezoelectric 
layer bonded to a nonpiezoelectric layer (Fig. 1.17). Because of the converse 
piezoelectric effect, when an AC voltage is applied to the thickness direction of the 
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piezoelectric layer, it will elongate or shrink along the length and width directions due to 
its piezoelectric characteristics. However, the nonpiezoelectric layer does not deform 
thereby constraining the movement of the piezoelectric layer and resulting in the 
alternative bending (vibration) of the cantilever structure. PEMS was originally 
developed to overcome the complexity of the force detector of the conventional non-
contact AFM.[97, 102] Comparing to the silicon-based microcantilever, PEMS has 
several advantages: 1. PEMS can self-excite and self-sense, i.e., the exciting can be 
performed by applying an AC field on the piezoelectric layer and the sensing can be 
achieved by monitoring the phase angle change; 2. PEMS can withstand high 
environmental damping and it can operate in liquid; 3. The detection scheme is all 
electric and the system can be easily made portable (Lab-On-A-Chip). 
 
Figure 1.17: A SEM micrograph of a ZnO/SiO2 piezoelectric microcantilever[97] 
 
Recently, PEMS has become a very hot research focus and various physical,[92, 
108, 111, 119] chemical,[89, 101, 115, 117, 124, 125, 129] and biological[90, 91, 94-96, 
98-100, 103-105, 107, 109, 110, 122, 126, 127] sensing applications have been 
demonstrated using PEMS.  ZnO 
SiO2 
25 
 
In 2001, Shih et al. from our group performed simultaneous liquid viscosity and 
density determination using lead zirconate titanate (PZT)/stainless steel cantilever. Their 
study indicated that the viscosity and the density of a liquid can be determined 
simultaneously by measuring resonance frequency and peak width. In 2002, Yi et al. 
from our group demonstrated real time in situ in liquid yeast cells detection using 
PZT/stainless steel microcantilever.[122] The peak height of the PEMS was not reduced 
much when immersed in water and the quality factor (Q) almost remained the same as 
that in air (Fig 1.18). This study demonstrated PEMS as a power sensing platform for real 
time in liquid detection which is a big hurdle for Si-based microcantilevers. 
 
Figure 1.18: Phase angle vs frequency of cantilever both in air (right) and in water (left) 
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Figure 1.19: A SEM photograph of the micromachined PZT cantilever arrays designed 
for simultaneous self-actuating and sensing[104] 
 
Since 2004, a Korean group fabricated PZT/SiNx PEMS via microfabrication (Fig 
1.19) and various biological detections of prostate-specific antigen (PSA),[95, 103] C-
reactive protein,[100, 104, 105] myoglobin,[94] protein kinase,[99] and aptamer[96] were 
demonstrated. However, because the ions in the liquid would cause ‘short-circuit’ 
between the two electrodes of the piezoelectric layer, most of the above detections were 
performed ex situ[94, 96, 103-105]. 
In 2005, we demonstrated selective nerve gas simulant Dimethyl 
methylphosphonate using PZT/stainless steel PEMS array[124] (Appendix A). In this 
study, three PEMSs were coated with different adsorbents and the response of each 
PEMS/adsorbent generated a unique pattern to DMMP. Meanwhile, we also 
demonstrated in situ real time Salmonella typhimurium detection in liquid using 
PZT/Gold coated glass PEMS[126, 127]. The detection was achieved without insulating 
by partially dipping the sensor in the liquid at nodal point[118, 126] (Appendix B) or at 
controlled humidity (Appendix C).[127] PEMS In 2006, Shen et al. in our group 
fabricated PZT/SiO2 PEMS with a 60×25μm PZT/SiO2 section and a 24×20μm SiO2 
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extension (Fig. 1.20) and mass sensitivity was 1×10-15 g/Hz calibrated by quartz crystal 
microbalance (QCM) in humidity detection.  
 
Figure 1.20: A SEM micrograph of the PEMS with a 60×25μm PZT/SiO2 section and a 
24×20μm SiO2 extension 
 
In 2006, Capobianco et al. in our group invented a novel insulation scheme [90, 
91] for PEMS which enabled the PEMS to be fully immersed in conductive solution. 
Since then, various in situ in liquid biological detections of Escherichia coli,[90] single 
chain variable fragment (scFv) protein,[91] and Bacillus anthracis spores[109, 110] were 
demonstrated by our group using insulated lead magnesium niobate-lead titanate (PMN-
PT)/Metal PEMS.  
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CHAPTER 2: MOTIVATIONS AND RESEARCH OBJECTIVES 
 
 
2.1 Choice of piezoelectric materials for PEMS fabrication  
A wide variety of materials are piezoelectric, including poled ferroelectric 
polycrystalline ceramics (e.g. lead zirconate titanate, PZT), single-crystal or highly 
oriented polycrystalline ceramics (e.g. zinc oxide and quartz), organic crystals (e.g. 
ammonium dihydrogen phosphate), and polymers (e.g. polyvinylidiene fluoride),[164] 
The most commonly used piezoelectric thin films in MEMS fabrication are listed in 
Table 2.1.  
Table 2.1. Properties of some typical piezoelectric materials 
Materials Formula Form Piezoelectric 
constant (pm/V) 
Polyvinylidene 
fluoride 
(CH2CF2)n Oriented film d31=28[112] 
Quartz SiO2 Single crystal d11=2.3[164] 
Aluminum nitride AlN Single crystal d33=12[165] 
Zinc Oxide ZnO Single crystal d33=12[166] 
Lead zirconate 
titanate (PZT) 
PbZr0.6Ti0.4O3 Polycrystalline 
ceramics thin films 
d33=60-130[167] 
 
The piezoelectric constant dij, also called piezoelectric charge constant, carries 
the unit of meter/volt or, equivalently, Coulomb/Newton, is the mechanical strain 
experienced by a piezoelectric material per unit of electric field applied or the 
polarization generated per unit of mechanical stress applied to the piezoelectrics. The 
subscripts i , j  =1,2,3,  denote the space coordinates (Fig. 2.1). For example, d31 is a 
piezoelectric coefficient which describes the deformation of the piezoelectric material 
along lateral direction under an external electrical field along longitudinal (thickness) 
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direction, i.e., the mechanical strain at ‘1’ direction when a unit of electric field applied at 
‘3’ (polarization) direction. 
 
Figure 2.1. Conventional space coordinates for a piezoelectrics 
 
The most important consideration of the integration of piezoelectrics in PEMS is 
the materials properties that include piezoelectric constant, ferroelectric properties, and 
elastic properties.[164] The specific property requirement depends on application and 
device. However, in general, large piezoelectric constant is desired. The PZT thin films 
are widely used in PEMS fabrication due to its excellent piezoelectric and dielectric 
properties.[92, 94-96, 98-106, 108, 111, 114, 117, 119, 122, 124, 126, 127, 167, 168] In 
addition, the application of piezoelectrics in MEMS requires that the material be 
processed within the constraints of microfabrication.[164] Microfabrication nominally 
requires that a thin film be prepared with conducting electrodes and integrated on silicon 
wafer. In the literature, PZT can be deposited and synthesized on substrate by various 
approaches such as pulsed laser ablation (PLD),[169-173] electron-beam 
evaporation,[174] radio-frequency (RF) sputtering,[175-177] chemical vapor deposition 
(MOCVD),[178-183]   However, those PZT films only exhibit 20 to 40% of the 
piezoelectric constant (d31, or d33 etc.) and 20 to 50% of the dielectric constant of their 
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bulk counterpart due to thin-film related problems such as interfacial 
diffusion/reaction,[189] substrate clamping,[190] and lack of stoichiometry control.[191] 
Recently, Luo et al. in our group has developed a novel approach of synthesizing 
freestanding lead magnesium niobate-lead titanate, (Pb(Mg1/3Nb2/3)O3)0.65-(PbTiO3)0.35 
(PMN-PT) solid solution films with a giant field-enhanced piezoelectric response.[192, 
193] Figures 2.2. (a) and (b) show a SEM micrograph of the 8 μm thick freestanding 
PMN-PT film[192] and the deduced piezoelectric constant (d31) versus electric field (E) 
measure in a cantilever geometry (see inset of Fig. 2.2 (b)),[193] respectively. As 
comparison, the deduced d31 versus E of bulk PMN-PT and commercial PZT are also 
shown in Fig. 2.2 (b). The results indicated, at high electrical field (E>4kv/cm), d31 of the 
PMN-PT film was significantly enhanced and it can reach as high as 2000 pm/v which is 
around 6 times larger than commercial PZT and 8 time larger than PMN-PT bulk. Even at 
low field, the d31 is around 300-400 pm/v which is higher than that of commercial PZT 
which is widely used in PEMS. X-ray diffraction indicated[193] due to the thin sheet 
geometry the PMN-PT films contained about 60 vol % of the tetragonal a and 
rhombohedral domains even after poling. At large fields, these tetragonal a and 
rhombohedral domains switched to the tetragonal c domains to result in the giant d31 
enhancement at high fields. As mentioned before, for the PEMS, the vibration of the 
sensor results from the d31 effect of the piezoelectric materials. Therefore the higher d31 
value is expected to withstand high environmental or liquid damping and also to produce 
a stronger resonance peak therefore increasing the Q factor of the peak which is very 
critical for sensing application.  
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5μm (a) 
(b) 
 
Figure 2.2: (a) a SEM micrograph of the freestanding 8 mm thick PMN-PT film[192] and 
(b) the deduced d31 versus electric field (E) of the PMN-PT film, PMN-PT bulk, and 
commercial PZT measured in a cantilever geometry[193] 
 
Besides the outstanding piezoelectric properties, the freestanding PMN-PT films 
have a lot of unique advantages over the substrate-based PZT thin films.[192] The 
freestanding PMN-PT film with down to 8 μm in thickness can be synthesized via one-
step tape casting and sintering. However, for the PZT thin films on substrate, typically, 
tedious deposition steps were needed to obtain a dense film over 1 μm.[194] In addition, 
the freestanding structure gives us the flexibility to choose the nonpiezoelectric materials 
while for the thin films on silicon wafer, the choice is restricted to silicon-based materials. 
Therefore, the freestanding PMN-PT film was chosen for PEMS fabrication in my thesis. 
 
2.2 Stress effect in microcantilever sensor  
As discussed in section 1.2.1.4, cantilever would deflect as a result of adsorption 
induced surface. On the other hand, it was observed that when surface stress is present, 
the resonance frequency also shifted and this frequency shift could not be explained by 
mass loading model described in Chap 1.  
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The stress effect in cantilever was first reported in 1975. Lagowski et al. from 
Massachusetts Institute of Technology first observed the natural frequency shift of a fresh 
etched GaAs cantilever plate due to surface stress induced by adsorption/desorption of 
gas molecules.[195] Since 90s, the silicon-based microcantilever had become a hot 
research topic as a sensing platform for a wide range of chemical and biological 
detections. Observations of the stress effect of the silicon microcantilever in both gaseous 
and in liquid detections were reported.[37, 56, 153] It was found that for silicon-based 
microcantilever, the enhancement in frequency shift due to stress effect could be 10 times 
larger than predicted by the mass loading model. [37, 57] Some researchers argued[153, 
196] that the spring constant of the cantilever could change when adsorption induced 
stress is present. Therefore, the resonance frequency shift would follow 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ−Δ=Δ
em
m
k
k
f
f
2
1 ,   (Eq. 2.1) 
where Δf, Δk, and Δm is the frequency shift, spring constant change, and mass change 
due to adsorption. However, it is still unclear what physical change is responsible for the 
observed large resonance frequency shifts. 
Most recently, stress effect was observed and reported in a wide range of 
biological and chemical detections using PEMS.[90, 91, 103, 104, 108-110, 117, 119, 
122, 124, 127, 129] Quantitatively, the enhancement observed in PEMS in both gaseous 
and aqueous detection was 100-200 times larger than predicted by the mass loading 
model, and was 10-50 times larger than the enhancement in the silicon-based 
microcantilever (see Table 2.2.). It could be concluded that the two-order-of-magnitude 
enhancement would be a unique feature and advantage of the PEMS and a wide range of 
biological and chemical detections using PEMS showed dominant stress effect. 
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Unfortunately, little has been done to understand the enhancement of the PEMS and it is 
still unclear how the frequency shift relates to the stress effect. Therefore, fundamental 
study of the sensing mechanism of PEMS will be conducted in this thesis. 
Table 2.2. Enhancement due to stress effect comparing to the mass loading model of the 
microcantilever sensors reported in the literature 
Cantilever Detection system Enhancement* Reference 
Silicon Nitride E. coli detection No [45] 
Silicon Virus detection No [41] 
Silicon Mercury detection ~4 times [57] 
Silicon Nitride Na+ adsorption 10 times [37] 
PZT/SiO2/SiNx C-protein detection 100-120 times [104, 105] 
PZT/SiO2/SiNx PSA detection 100-200 times [95, 103] 
PZT/SiO2 Humidity detection 100 times [117] 
PZT/Glass Salmonella cells detection 100-200 times [126, 127] 
*Enhancement in frequency shift in comparison to prediction by mass loading model 
 
2.3 Detection systems 
2.3.1 Humidity detection 
In my thesis, humidity detection was chosen as a model study because of the 
following reasons: 1) surface stress induced by water molecules adsorption on surfaces 
such as oxide and metals was reported and well known,[117, 197, 198] and it’s easy to 
modify the PEMS surfaces with metals or oxide to study the stress effect. 2) Humidity 
detection is reversible and repeatable and easy to perform. Therefore, humidity detection 
was used in my thesis to characterize the sensing behavior the PEMS. 
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2.3.2 Nerve gas simulant detection 
After 911, the need to develop chemical sensors for chemical warfare agent has 
become more and more urgent. For instance, as one of the world’s most dangerous 
chemical warfare agents, sarin (2-(Fluoro-methylphosphoryl)oxypropane) is an extremely 
toxic substance that disrupts the nervous system, overstimulating muscles and vital 
organs. Sarin has a high volatility relative to similar nerve agents. It can be inhaled as a 
gas or absorbed through the skin. Inhalation and absorption through the skin pose a great 
threat. Even vapor concentrations immediately penetrate the skin. People who absorb a 
nonlethal dose but do not receive immediate appropriate medical treatment may suffer 
permanent neurological damage. In high doses, sarin suffocates its victims by paralyzing 
the muscles around their lungs. One hundred milligrams of sarin (about one drop) can kill 
the average person in a few minutes if he or she’s not given an antidote. Experts say sarin 
is more than 500 times as toxic as cyanide.[199] It was used in 1995 by Aum Shinrikyo, a 
Japanese doomsday cult, in a terrorist attack on the Tokyo subway system that killed 
twelve and sent more than 5,000 people to hospitals. Use of CW agents in terrorism 
activities has became a major homeland security concern. Therefore, rapid detection of sarin 
in the environment, public places or workplaces and surveillance or monitoring of 
individual's exposures to chemical warfare agents become increasingly important for 
homeland security and environment monitoring. However, sarin is too toxic to work with, 
therefore, chemically and structurally similar simulant dimethyl methylphosphonate 
(DMMP) is used instead[200]  (see Fig. 2.3). 
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Sarin                                                                    DMMP 
Figure 2.3: Chemical formula and structure of sarin and DMMP 
 
Therefore, in my thesis, DMMP detection was chosen as an example of 
application as well as another independent detection system to characterize and validate 
the sensing mechanism of the PEMS. 
 
2.4 Scope and objectives of the thesis 
The scope of the thesis is to carry out fundamental study of sensing mechanism of 
stress effect and demonstrate in situ real time detection of water vapor and DMMP using 
PMN-PT PEMS array. 
The specific objectives are: 
1. To examine the behavior of frequency shift of a PEMS in a DC bias field. A DC bias 
field is applied as a means to induce stress (strain) and materials properties (Young’s 
modulus) change in piezoelectric material. Simultaneous and quantitative 
measurement of frequency shift, strain, and Young’s modulus change will be 
performed. In situ tip displacement measurement is used to deduce strain and 
resonance method is adopted to quantify Young’s modulus change in real time. In 
addition, dielectric constant measurement is performed to monitor domain switching. 
36 
 
2. To investigate the mechanism of the frequency shift of a PEMS in humidity detection. 
Frequency shift, strain, Young’s modulus change, and mass change due to adsorption 
will be quantified and measured simultaneously. 
3. To examine the dependence of the longitudinal flexural resonance frequency shift of a 
PMN-PT PEMS that exhibits stress effect on its thickness, length, and mode 
experimentally in humidity detection. Three PEMS with different thickness, width, 
and length will be used for this study and normalization will be performed to validate 
the scaling. 
4. To examine the potential enhancement effect by a DC bias field in humidity detection. 
The humidity detection will be carried out at various DC bias fields and dielectric 
constant measurement is used to illustrate the enhancement mechanism.   
5. To validate the Young’s modulus change and scaling in DMMP detection using the 
PEMS immobilized with SAM MUA/Cu2+ and characterize and compare two kinds 
of adsorbent loading schemes - microporous silica powder loading and self-assembly 
MPS.  
6. To demonstrate rapid real time in situ DMMP detection using an array of PMN-PT 
PEMSs each coated with a different adsorbent. Nerve gas simulant, ammonia gas and 
acetone will be examined and the response patterns will be generated and compared 
to illustrate the recognition of nerve gas. 
 
2.5 Thesis outline 
This thesis will be organized as follows. After reviewing the literature and 
progress in microcantilever sensor research area in Chapter 1, motivations and scopes of 
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the thesis is outlined and defined in Chapter 2. Chapter 3 provides the details of 
procedures for PEMS fabricated from freestanding PMN-PT film. Then mechanism of 
frequency shift of a PEMS in a DC bias field will be presented in Chapter 4 and Chapter 
5 covers the sensing mechanism in humidity detection. In Chapter 6, experimental results 
of a new scaling based on stress effect will be discussed and further enhanced frequency 
shift with a DC field in humidity detection will be demonstrated in Chapter 7. Then the 
Young’s modulus change and scaling were validated in another independent system – 
nerve gas simulant detection and real time in situ recognition of nerve gas simulant from 
acetone and ammonia is demonstrated using PEMS array in Chapter 8. Finally, this thesis 
will be concluded with recommended future work in Chapter 9.  
38 
 
CHAPTER 3: FABRICATION AND CHARACTERISTICS OF PEMS USING 
FREESTANDING PMN-PT FILMS 
 
3.1 Fabrication of PEMS using freestanding PMN-PT films  
The process flow of PEMS fabrication using freestanding PMN-PT films is 
illustrated in Fig. 3.1. 
 
Figure 3.1: Process flow of PEMS fabrication 
Cr/Ni 
Cu or Sn 
Au 
PMN-PT 
(a) 
(b) 
(c) 
(d) (e) 
(f) 
Epoxy (clamp) 
Glass substrate 
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 The PEMS is fabricated from 8 μm or 22 μm thick freestanding PMN-PT film 
synthesized by Luo et al. in our group.[192, 193] First, a  30-nm-thick nickel layer with a 
15-nm-thick chromium bonding layer was deposited on one side of the PMN-PT 
freestanding film by evaporation (E-gun Evaporator, Semicore Equipment, Livermore, 
CA) as the seeding electrode for electroplating (Fig. 3.1 (a)). Then the Cu or Sn layer was 
electroplated on the nickel surface at a rate of 200-500 nm/min as the nonpiezoelectric 
layer using a plating solution of copper sulfate or tin sulfate titrated with sulfuric acid and 
some organic additives[201] to a pH of ~ 2.0 (Fig. 3.1 (b)). A schematic of the 
electroplating setup was shown in Fig. 3.2.  
 
Figure 3.2: A schematic of electroplating setup 
 
The thickness (tp) of the electroplated metal can be predicted from the following 
equation.[202, 203] 
Anode 
Cu electrolyte 
Cu2+
Power supply 
Cathode 
Cr/Ni 
Cu or Sn 
PMN-PT 
+ -
Cu electrolyte 
Stir bar 
40 
 
tI
nFA
M
t
p
p
p ⋅= ρ  (Eq. 3.1) 
where Mp is the atomic number of metal, n is the valence of metal ion, i.e., the number of 
electrons taking part in the reduction, F is Faraday constant (96500 C/mol), A is the area 
of the deposit (cm2), ρp is the density of the metal (gram/cm3), I is the current (Ampere), 
and t is the plating time (second). As an example, a 1 cm2 of PMN-PT tape was 
electroplated with Cu with a current of 45 mA for 4 minutes. According to Eq. 3.1, the 
theoretical thickness of electroplated Cu would be ~4 μm.  The cross section of the 
sample (see Fig. 3.3) was then inspected in SEM and the micrograph showed a dense Cu 
layer with a thickness of ~ 4 μm which agreed with the theoretical prediction. 
Cu 
PMN-PT 
4μm 
 
Figure 3.3: A SEM micrograph of the PMN-PT film after copper electroplating 
 
After electroplating, a 100-nm-thick gold with a 15-nm-thick chromium bonding 
layer was evaporated on the other side of the PMN-PT film as the other electrode and 
another optional Au/Cr layer may be deposited on top of the electroplated metal surface 
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(Fig. 3.1 (c)). The PMN-PT/Metal bilayer was then embedded in wax and cut to the strips 
with a wire saw (Princeton Scientific Precision, Princeton, NJ) (Fig. 3.1 (d)). After 
attaching the wires to the top and bottom electrodes using conductive thermal glue (XCE 
3104XL, Emerson and Cuming Company, Billerica, MA) (Fig. 3.2 (e)), the PMN-
PT/Metal strips were finally glued to a glass substrate by epoxy to form a cantilever 
structure (Fig. 3.2 (f)). The optical micrographs of a PMN-PT/Sn PEMS and an array of 
three PMN-PT/Cu PEMSs are shown in Fig. 3.4. 
 
500 μm 500 μm(a) (b) 
Figure 3.4: Optical micrographs of the top view of (a) a PMN-PT/Sn PEMS (gold side) 
and (b) an array of three PMN-PT/Cu PEMSs (copper side) 
 
3.2 Characteristics of resonance spectrum 
3.2.1 Flexural mode 
For the piezoelectric materials, because of the converse piezoelectric effect, when 
an electric field is applied to the polarization (thickness) direction of the piezoelectric 
layer, it will elongate or shrink along the length and width directions due to its 
piezoelectric characteristics. However, the nonpiezoelectric layer does not deform 
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thereby constraining the movement of the piezoelectric layer and resulting in bending of 
the cantilever structure (see Fig 3.5). When an AC field is applied to the PEMS, it will 
bend up and down resulting in flexural (bending) vibration.  
 
Figure 3.5: Deformation (bending) of the PEMS under electric field. 
 
For a rectangular PEMS of length, L, and width, w, consisting of a piezoelectric 
layer of thickness tp, density, ρp, and Young’s modulus Yp, and a nonpiezoelectric layer of 
thickness tn, density, ρn, and Young’s modulus Yn as schematically shown in Fig. 3.6, the 
ith-mode flexural resonance frequency, f, can be written as[123] 
e
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where is the dimensionless ith-mode eigen value,  2iν
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the effective mass, and 
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the spring constant with 
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being the effective Young’s modulus of the PEMS, and 
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Figure 3.6: A schematic of a PEMS 
 
The resonance frequency of the cantilever can be measured by electrical means. 
Impedance analyzer (Agilent 4294A, Agilent, Palo Alto, CA) is used to measure phase 
angle (θ) versus frequency spectrum, where θ = tan-1(Im(Z)/Re(Z)) is the phase angle of 
the complex electrical impedance, Z, and Im(Z) and Re(Z) are the imaginary and real part 
of the electrical impedance. Off resonance, the cantilever behaved as a capacitor with a 
phase angle close to –90o. At or near resonance, the in phase flexural motion gave rise to 
a peak in the real part Re(Z) of the electrical impedance, and hence a peak in the phase 
angle (see Fig 3.7.). The resonance spectrum of a PEMS with 650±100 μm in length, 
Nonpiezoelectric layer 
Piezoelectric layer Clamp 
w 
tp 
tn 
3
1(2) 
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700±50 μm in width and 8±0.5 μm thick PMN-PT, 6±1 μm thick Sn is shown in Fig. 3.7. 
Two peaks appear at 16 kHz and 106 kHz, respectively. From Eqs. 3.2-5, [118, 123] the 
theoretical 1st and 2nd flexural modes of the PEMS are 16.5 kHz  and 103 kHz (see dash 
line in Fig. 3.7), respectively. The experimental flexural modes agreed with the 
theoretical prediction. 
 
Figure 3.7: The resonance spectrum of a PEMS showing 1st and 2nd flexural modes and 
theoretical prediction (dash lines) 
 
3.2.2 Width mode 
Besides flexural mode, for a piezoelectric plate, when a positive electric field (the 
direction of the E field is parallel to the polarization direction, see Fig. 3.8) is applied, 
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due to the d31 effect, the PEMS will shrink in the width and length directions; when a 
negative field is applied, it will elongate in the width and length direction. As a result, 
when an AC excitation is applied, a transverse vibration will be generated. For instance, 
when the standing wave condition in width direction is satisfied, i.e., λ=2w, width mode 
resonance will be excited. In this thesis, width mode was used because for a 
piezoelectrics poled along thickness direction, width and length directions are essentially 
equivalent.[204] Unlike the flexural mode where a nonpiezoelectric constraint layer is 
needed, the width mode doesn’t require a constraint layer, therefore, both PEMS and 
even a single PMN-PT strip will exhibit the width modes. The width mode resonance 
frequency can be expressed by the following equation: [204] 
w
Cf w 2
= , (Eq. 3.6) 
where C is the sound velocity in the PEMS, 
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PEMS with . From Eq. 3.6., the width mode 
frequency only relates to the width and Young’s modulus of the PEMS, and it was 
reported that it’s insensitive to the attached foreign mass.[113] In fact, the width mode 
resonance is a standard way to measure the Young’s modulus of a piezoelectrics,[204] 
the Young’s modulus of the piezoelectric sample can be accurately deduced from the 
width mode resonance frequency according to Eq. 3.6, On the other hand, if the Young’s 
modulus of the piezoelectric layer changes, a change in the width mode frequency can be 
detected correspondingly. As an approximation, assuming the Young’s modulus change 
is small and dimension change is negligible, the changes in width mode frequency and 
Young’s modulus can be related by the following equations: 
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Where Δfwstrip is the width mode frequency shift of the strip and ΔfwPEMS is the width 
mode frequency shift of the PEMS, respectively. It is clear that the Young’s modulus 
change can be determined by measuring the width mode frequency shift. Since the width 
mode frequency can be monitored by impedance analyzer in real time, real time 
measurement of Young’s modulus can be achieved.  
 
 
Figure 3.8: A schematic showing deformation of a PMN-PT cantilever under electric 
fields 
 
Figure 3.9 showed a width mode peak of a 550 μm wide PEMS with 8 μm thick 
PMN-PT layer and 6 μm thick Sn layer. From the Eq. 3.6, given the physical properties 
of the materials, i.e., for PMN-PT, Yp= 80 GPa , ρp= 7.9 g/cm3 and for Sn, Yn = 50 GPa, 
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ρn = 7.3 g/cm3, we can see the theoretical prediction (dash line in Fig. 3.9) agrees with 
the experimental measurement. 
To further validate the width modes of the PEMS, PEMSs with different widths 
(450 μm – 1600 μm) were fabricated and the width mode peak positions were measured. 
Figure 3.10 showed the log (width mode frequency) versus log (width). The linear slope 
indicated the resonance peaks were indeed width modes. 
 
Figure 3.9: The resonance spectrum of showing the width-mode peak of a PEMS 
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Figure 3.10: Log-log plot of measured widths and width mode frequencies of various 
PEMSs 
 
3.3 Chapter summary 
In this chapter, the fabrication procedures of PEMS using freestanding PMN-PT 
films were described. The PEMS can be fabricated by a simple and cost-effective 
approach without tedious microfabrication technique. Characteristics of the resonance 
spectrum of a PEMS was discussed and flexural mode and width mode were introduced. 
The flexural mode is sensitive to both mass change and spring constant change whereas 
the width mode is sensitive to Young’s modulus change in a PEMS. In addition, flexural 
modes generally happen at lower frequencies than width modes. 
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CHAPTER 4: MECHANISM OF RESONANCE FREQUENCY SHIFT OF A 
PEMS IN A DC BIAS FIELD 
 
4.1 Introduction 
According to Eqs. 3.2 and 3.4, Dr. Wan Y. Shih proposed[120] that with the 
induced strain as εt, εw, and εL in the thickness, width, and length directions, respectively, 
and the effective Young’s modulus change as ΔYeff, the resonance frequency shift, Δf, 
could be related to the mass change, Δm, the spring constant change, Δk including εt, εw, 
εL, and ΔYeff as  
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Since the lateral strain or surface stress was isotropic in the width and length direction, 
i.e., εL = εw, and the Poisson’s ratio was close 0.33 for both piezoelectric layer and the 
nonpiezoelectric layer, Eq. (4.5) could be rewritten as 
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. (Eq. 4.2) 
Altogether, resonance frequency change of a PEMS could be a result of the 
dimensional change and/or the elastic modulus change and/or mass change.  
It is known that ferroelectric domains of soft piezoelectrics such as PZT or PMN-
PT can be switched with a non-180°  angle by an electric field[193, 205] or an applied 
stress[206] As a result, both electric fields and stresses can significantly change the 
Young’s modulus of a soft piezoelectric.[207, 208] A recent piezoelectric force 
microscopy (PFM) study showed that the polarization in a 
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(PbMg1/3Nb2/3O3)0.63(PbTiO3)0.37 (PMN-PT) freestanding films used for PMN-PT PEMS 
can switch from an in-plane direction to a normal direction by a DC electric field of mere 
1.9 kV/cm.[205] Meanwhile, the Young’s modulus of PMN-PT can change from 70 GPa 
along the polarization direction to about 80 GPa when perpendicular to the 
polarization.[192] Conceivably, a PEMS’s unexpectedly large resonance frequency shift 
may be a result of a Young’s modulus change due to the stress generated by the binding 
of the target analyte to the PEMS surface. So far, there has been no study linking a PEMS 
flexural resonance frequency shift to either the Young’s modulus change or polarization 
domain switching of its piezoelectric layer. 
 
Figure 4.1: A schematic of the excitation signal without and with a DC bias of E 
 
In this chapter, a PEMS flexural resonance frequency shift in relation to the lateral 
Young’s modulus change of its piezoelectric layer will be examined. Specifically, we 
used a DC bias electric field as a means to change the Young’s modulus of the 
piezoelectric layer and examined how this change related to the observed flexural 
resonance frequency shift. Figure 4.1 shows a schematic of the excitation signal without 
and with a DC bias field. The AC excitation signal was kept constant at 0.1 V and DC 
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bias field varied during the detection. Because the mass of the PEMS would not change 
with electric field, the Eq. 4.6 becomes: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −Δ≅Δ L
eff
eff
Y
Y
f
f ε3
2
1 , (Eq. 4.3) 
Therefore, quantitative and simultaneous measurement of the flexural frequency 
shift, Young’s modulus change, and the lateral strain would allow a direct correlation of 
the flexural resonance frequency shift to the Young’s modulus change in the piezoelectric 
layer. 
4.2 Young’s modulus measurement via width mode 
Since the measured frequency shift in a DC bias field up to 4 kv/cm is less than 
one percent (the result was shown in the following section), the expected value of 
Young’s modulus change would be the in the order of a few percent from Eq. 4.3. The 
conventional Young’s modulus measurement methods such as strain-stress curve or 
nano-indentation, are not capable to resolve such a small change. Therefore, as discussed 
in Chapter 3, width mode frequency was used to quantitatively measure the Young’s 
modulus change.[204] Since the resonance frequency can be accurately measured in real 
time by electric means, a small Young’s modulus change can be determined. 
As discussed earlier, Young’s modulus change of a soft piezoelectric is a result of 
non-1800 domain switching.[193, 205, 207] For the perovskite structure, it’s well-known 
that non-1800 domain switching would result in the dielectric constant change.[209] As 
shown in Fig. 4.2,  the lateral Young’s modulus Y11c of c domain whose polarization 
direction is parallel to the thickness or 3 direction is larger than the lateral Young’s 
modulus Y11a of a domain whose polarization direction is perpendicular to the thickness 
direction.[209] However, domain switching is difficult to measure directly, instead, 
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dielectric constant measurement is adopted since the dielectric constant ε33c (where 
subscript 33 denotes ε measured along the thickness or 3 direction) of c domain is smaller 
than ε33a of a domain. Therefore, if Young’s modulus decreases due to c domain 
switching to a domain, dielectric constant gain can be observed.[209] 
Y11c > Y11a, ε33c < ε33a 
a  
c>a 
3 
1(2) 
c domain 
P 
    
   
c 
a 
a 
    
c 
a domain 
a 
P 
 
Figure 4.2: A schematic of domain configuration of perovskite structure 
 
The dielectric constant change can be deduced from the capacitance measurement 
since 
C
CΔ=Δε
ε where C is the capacitance of the piezoelectric layer. Therefore, to further 
validate the Young’s modulus change in the piezoelectric layer, capacitance of the PMN-
PT layer will be monitored during measurement.  
 
4.3 Strain quantification via tip displacement 
To examine the relation of the flexural frequency shift and Young’s modulus 
change, quantitative measurement of lateral strain is required. When a DC bias is applied 
on the piezoelectric layer of a PEMS, it will shrink and elongate, however, the 
nonpiezoelectric layer will not. As a result, the PEMS will bend, and the lateral strain is 
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induced because of the constraint of the nonopiezoelectric layer (see Fig 4.3). The 
conventional strain gauge is not applicable in this case because of the small size of the 
PEMS (several hundred microns or smaller) and the minute strain level (~10-4 or 10-5). 
Alternatively, strain of a bilayer bender can be deduced from bending.[210] For a PEMS 
shown in Fig. 4.3, when a positive electric field (the direction of the field is parallel to the 
polarization direction) is applied, two things will happen: 1) Due to the perfect bonding 
between the PMN-PT and nonpiezoelectric layer, the piezoelectric deformation in the 
PMN-PT layer will give rise to a uniform lateral constraint strain εc in both the PMN-PT 
layer and the nonpiezoelectric layer in both the length and width direction. 2) In addition 
to the constraint strain, the differential piezoelectric response between the piezoelectric 
layer and the nonpiezoelectric layer will cause the PEMS to bend (εb denote the lateral 
bending strain) as shown in Fig. 4.3. Altogether, the deformation of the PEMS under a 
DC field will be the superposition of 1) and 2). The total lateral strain εt = εc + εb. The 
constraint strain can be determined from the following equation,[210] 
nnpp
pp
c tYtY
tEYd
+=
31ε  (Eq. 4.4) 
Here, only d31 is unknown and it can be deduced from the tip displacement 
measurement using the following equation.[136]  
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Figure 4.3: A schematic of the bending of the PEMS upon a positive electric field 
 
The lateral bending strain εb can be deduced from tip displacement as shown in 
Fig. 4.4.[210] 
) ) (Eq. 4.6) where ( nnpp nnpp tYtY
tYtY
t +
−=
20
 (Eq. 4.7) ( 02)1( tzL
d
b −−≅ νε
It is clear that the maximum bending strain is on the outer surface of the PMN-PT layer 
and ( )02max )1( ttLd pb −−≅ νε . 
Therefore, by measuring the tip displacement using a laser displacement meter 
(see Fig. 4.3), the total lateral strain εt can be deduced. 
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Figure 4.4: A schematic of the bending strain of the PEMS 
 
4.4 Results and discussion 
The PEMS used in this study was 900±100 μm long and 700±50 μm wide PMN-
PT/tin (Sn) PEMS (see the insert of Fig. 4.5 (a)). The thickness of the PMN-PT is 8±0.5 
μm and that of Sn 6±1 μm. The PEMS exhibited both flexural and width-mode resonance 
frequencies at 8.3 kHz and 2.2 MHz (Figs. 4.5 (a) and (b)), respectively. The theoretical 
calculation values are 8±0.5 kHz and 2.1±0.2 MHz indicating the peaks used for 
measurement were indeed flexural and width-mode frequencies. A separate PMN-PT 
strip (see the insert of Fig. 4.6) of 8 μm in thickness and 700±50 μm in width with only 
the chromium-gold electrodes on both sides was also made into a cantilever shape of 
about 700±100 μm in length for Young’s modulus measurement of the PMN-PT itself. 
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The strip showed a width mode peak at 2.05 MHz which agreed with the theoretical 
prediction 2.0±0.2 MHz very well. 
Both the flexural-mode and width-mode resonance frequencies and the dielectric 
constant were measured with an Agilent 4294A impedance analyzer. In one field sweep, 
the DC bias electric field was varied in an increment of 1 kV/cm in a 10-sec time interval 
starting from zero to 4 kV/cm and back to -4 kV/cm. Measurements at a certain DC field 
were made at the end of the 10 sec interval. A positive (negative) DC bias electric field 
denotes that the field is parallel (opposite) to the poling direction. To minimize hysteresis, 
the DC bias field was always turned off before it was turned to the next field level. All 
measurements were the average of 4-5 independent field sweeps. 
In Figs. 4.5 (a) and 4.6, we plot the fundamental width-mode phase angle-versus-
frequency resonance spectra of PEMS and the separate strip respectively in various DC 
fields. Also plotted in Fig. 4.5 (b) are the fundamental flexural-mode resonance spectra of 
the PMN-PT/Sn PEMS in various DC fields. Note that the PMN-PT strip did not exhibit 
flexural-mode resonance because of the lack of a bonded non-piezoelectric layer. As can 
been seen, both the flexural-mode and the width-mode resonance peaks shifted with the 
DC bias electric field, E. Denoting a resonance frequency at zero DC bias field as f0, and 
f(E) as that at a finite E, the relative resonance frequency shift at a finite E is Δf(E)/f0 
where Δf(E) = f(E)−f0. In Fig. 4.7, we plot Δf(E)/f0 versus E for the flexural mode (full 
squares) and the width mode (full circles) of the PEMS as well as the width mode of the 
separate PMN-PT strip (open diamonds). As can be seen, the flexural-mode and the 
width-mode resonance frequency of the PEMS and the width mode of the PMN-PT strip 
all increased with a positive E and decreased with a negative E. Furthermore, the relative 
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resonance frequency shifts with field for the two modes of PEMS were quite similar, both 
exhibiting a larger slope in the negative field direction than in the positive field direction. 
The relative frequency shift was about 0.5% at 4 kV/cm but close to -1.5% at -4 kV/cm. 
Note that the separate PMN-PT strip also exhibited a similar DC field dependence. 
 
Figure 4.5:  Resonance spectra of (a) the width-mode, and (b) the flexural mode of the 
PEMS at various E’. Also shown in the insert of (a) is the optical micrographs of the 
PEMS 
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Figure 4.6: Resonance spectra of the width-mode of the strip. Also shown in the insert is 
the optical micrograph of the separate PMN-PT strip 
 
Figure 4.7: f(E)/f　 0 versus E where full squares, full circles and open diamonds denote 
the fundamental flexural mode and the fundamental width mode of the PEMS and the 
fundamental width-mode of the separate PMN-PT strip, respectively. Also shown is d 
versus E (full triangles) of the PEMS. 
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Figure 4.8: The notation of the bending of the PEMS under positive and negative electric 
field 
 
The axial displacements of the PEMS were measured with a Keyence LC2450 
laser displacement meter (Keyence, Osaka, Japan). Also plotted in Fig. 4.8 is the PEMS 
axial tip displacement versus the applied DC field. The notation of the axial tip 
displacement was shown in Fig. 4.8. From the axial displacement, a d31 of 300±50 pm/v 
was deduced from Eq. 4.5, which was consistent with the reported d31 value of the PMN-
PT freestanding film in this field range.[192, 193] Therefore, εc = 8×10-5 according to Eq. 
4.4. Furthermore, according to Eq. 4.6,[211] the maximum lateral strain resulted from the 
bending was roughly 10-4 at the outer surface of the PMN-PT layer at -4 kV/cm. Thus, 
the lateral strain and the associated density change were two orders of magnitude too 
small to account for the observed resonance frequency shifts in both the width mode and 
the flexural mode of the PEMS. Hence, the observed field dependence of the width-mode 
resonance frequency of the PMN-PT strip indicated that the Young’s modulus of the 
PMN-PT strip changed with the DC bias field. In addition, that the relative width-mode 
resonance frequency shift of the separate PMN-PT strip was roughly twice that of the 
PEMS especially in the negative field direction indicated that the nonpiezoelectric tin 
layer of the PEMS did not contribute to the PEMS width-mode or flexural-mode 
resonance frequency shifts as tin’s Young’s modulus was not known to change in a DC 
P 
E < 0  E > 0 
 
Sn 
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field even there was a DC field. With the lateral Young’s modulus (thicknesses) of the 
PMN-PT layer and that of the tin layer denoted as Yp and Yn, (tp and tn), respectively, the 
resonant frequency of the fundamental width-mode resonance frequency, fw of the PEMS 
can be related to the average lateral Young’s modulus, Yave, the average density, ρave, and 
the width of the PEMS, w, as[204, 212] wcf w 2=  where ( ) 21aveaveYc ρ= is the sound 
velocity, ( ) tYtYtY nnppave /+= , and ( ) ttt nnppave /ρρρ +=  with . The 
fundamental flexural resonance frequency of the PEMS can be expressed as 
np ttt +≡
eM
kf π2
1≅ where twLaveM e ρ236.0= and 3
3
4L
wtY
k eff=  with 
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+424
pnnpp
npnpnnp
ttYtY
ttY2YtY
+
++2p
eff
tY
Y ≡ npt3t+ .  With Yp= 80 GPa at zero field, ρp= 7.9 
g/cm3, tp = 8±1 μm, Yn = 50 GPa, ρn = 7.3 g/cm3, and tn = 6±1 μm and assuming that the 
change of Yn was negligible and the width and density changes were also negligible, the 
relative Young’s modulus change, ΔYp(E)/Yp in the PMN-PT layer could then be deduced 
from both the width-mode and the flexural-mode resonance frequencies using the above 
relationships. 
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Figure 4.9: Yp(E)/Yp　  versus E where full squares, full circles and open diamonds 
denote the fundamental flexural mode and the fundamental width mode of the PEMS and 
the fundamental width-mode of the separate PMN-PT strip, respectively. Also shown are 
Δε/ε, versus E of the piezoelectric layer of the PEMS (full triangles) and that of the 
separate PMN-PT strip (open triangles). 
 
In Fig. 4.9, we plot the deduced ΔYp(E)/Yp versus E. As can be seen, the ΔYp(E)/Yp 
versus E deduced from the width mode and that deduced from the flexural mode of the 
PEMS agreed with each other within experimental uncertainty with ΔYp(E)/Yp being 
about 1% at 4 kV/cm and about -6% at -4 kV/cm. Also plotted in Fig. 4.9 is ΔYp(E)/Yp 
versus E deduced from the fundamental width mode (open diamonds) of the separate 
PMN-PT strip. Clearly, all three curves fall on one another within the experimental 
uncertainty. That the relative Young’s modulus change deduced from the PEMS flexural 
frequency shift agreed with that deduced from the width mode resonance frequency shift 
of a separate monolithic PMN-PT strip confirms that the present flexural resonance 
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frequency shift was indeed due to the Young’s modulus change of the PMN-PT layer 
under the DC bias field. These values of relative Young’s modulus change were 
consistent with what was shown in the literature.[207] Also plotted in Fig. 4.9 are the 
relative dielectric constant change of the piezoelectric layer of the PEMS and that of the 
PMN-PT strip. The relative dielectric constant change of the piezoelectric layer and that 
of the separate PMN-PT strip versus DC bias field also behaved similarly: they both 
decreased with a positive electric field and increased in the negative electric field. The 
magnitude of dielectric constant changes was also larger in the negative field direction as 
similar to the resonance frequency shifts. The relative dielectric constant changes were 
about -3% at 4 kV/cm and were about 10% at -4 kV/cm.  
 
Figure 4.10: A schematic of how the polarization direction changed with E: (a) for E > 0 
and (b) for E < 0. 
 
The piezoelectric performance of the PMN-PT layer in this field range has been 
linked to the non-1800 polarization switching towards field direction by X-ray 
diffraction[193] and by PFM.[205] As discussed earlier, for the perovskite structure, 
when the polarization of the domain is parallel to the thickness direction (3 axis) of the 
PEMS, it’s called c domain, and when the polarization of the domain is perpendicular to 
(a) 
(b) 
E > 0  
E < 0  
63 
 
the thickness direction (along the 1 or 2 axis), it’s called a domain. Since the lattice 
constant c > a (see Fig. 4.2), the lateral Young’s modulus (Young’s modulus along the 1 
or 2 direction) of the c domain Y11c is larger than that of a domain Y11a. The domain 
switching can be indicated by measuring the dielectric constant of the piezoelectric layer 
in the PEMS via capacitance measurement since the dielectric constant along the 
thickness direction (3 direction) of the c domain ε33c is smaller than that of the a domain 
ε33a.[209] The decrease in dielectric constant in the positive field direction is widely 
recognized to be due to the polarization switching to the field direction as schematically 
shown in Fig. 4.10 (a) resulting in the Young’s modulus increase therefore the increase in 
both flexural and width-mode resonance frequencies. On the other hand, the increase in 
the dielectric constant in the negative field direction in both the PEMS and in the separate 
PMN-PT strip suggests that the PMN-PT underwent non-1800 polarization switching 
from the vertical direction to the lateral direction in this field range as schematically 
shown in Fig. 4.10 (b) rather than the 1800 switching to the negative field direction 
regardless it is a freestanding strip or bonded to a tin layer. Because of the non-1800 
polarization switching from the vertical direction in a negative DC field, the Young’s 
modulus of the PMN-PT decreased, which in turn caused the width-mode and the 
flexural-mode resonance frequency to decrease but the dielectric constant to increase in a 
negative DC bias field. That the Young’s modulus and the dielectric constant had a larger 
relative change in the negative field direction may be attributed to the fact that both the 
strip and PEMS were poled and hence there were more polarization domains in the 
normal direction than in the in-plane direction. Therefore, more domains switching from 
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the normal to in-plane direction occurred in a negative field than domains switching from 
an in-plane to the normal direction in a positive field.  
4.5 Chapter summary  
In summary, the flexural-mode and the width-mode resonance frequency shifts of 
a PMN-PT/tin PEMS were examined in the presence of a DC bias electric field along 
with the PEMS axial displacement and the relative dielectric constant change of the 
PMN-PT layer. Both the width-mode and the flexural-mode resonance frequencies 
increased with a positive DC bias field (about 0.5% change at 4 kV/cm) and decreased 
with a negative DC bias field (about -1.5% change at -4 kV/cm), indicating a Young’s 
modulus change of about 3% at 4 kV/cm and -6% at -4 kV/cm, which was confirmed by 
the similar Young’s modulus change measured on a separate PMN-PT strip. The large 
relative dielectric constant change (about -4% at 4 kV/cm and 10% at -4 kV/cm) 
observed in the PEMS and in the separate PMN-PT strip indicated that the Young’s 
modulus change in a DC bias field was a result of non-180° domain switching.  
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CHAPTER 5: MECHANISM OF FLEXURAL RESONANCE FREQUENCY 
SHIFT OF A PEMS DURING HUMIDITY DETECTION 
 
5.1 Introduction 
It was showed in the previous chapter that the PEMS flexural resonance 
frequency could be changed by a DC bias electric field as a result of the Young’s 
modulus change in the PEMS piezoelectric layer. As similar to DC bias electric fields, 
stresses can also cause the Young’s modulus of a soft piezoelectric to change.[206-208] It 
is possible that a PEMS larger than expected resonance frequency shifts is also a result of 
the Young’s modulus change in its piezoelectric layer due perhaps to the binding-induced 
stresses.  
The purpose of this chapter is to examine whether the Young’s modulus of the 
PEMS piezoelectric layer changes during detections and whether the PEMS flexural 
resonance frequency shift can be accounted for by this Young’s modulus change during 
detections. Humidity detection is used as model study because water adsorption on the 
Au and Sn surfaces of the PEMS is fully reversible and easy to perform. In addition, 
there’s no need to immobilize adsorbent on PEMS. 
During humidity detection, according to  
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1 ,    Eq. (4.2) 
Young’s modulus change, lateral strain, and mass change could contribute to the 
flexural resonance frequency shift. Measurement methodologies of Young’s modulus 
change, lateral strain were described in details in Chap. 4.  
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5.2 Results and discussion 
The humidity detection was carried out in a sealed glovebox of 126 L (Bel-Art 
Products, Pequannock, NJ) with the humidity and temperature constantly monitored 
(VWR International, West Chester, PA). A humidifier (Sunbeam Product, Inc. Boca 
Raton, FL) was connected to the glovebox to achieve a 90% relative humidity (RH) first. 
Dry air was then introduced to decrease the RH to desired levels. After a desired RH 
level was reached, we waited for additional five to ten minutes to ensure desorption of the 
water molecules was well equilibrated. The temperature inside the glovebox was 
23±0.1ºC throughout all experiments. The schematic of the experimental setup was 
shown in Fig. 5.1.  
 
Figure 5.1: A schematic of the experimental setup for humidity detection 
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Figure 5.2: (a) Flexural-mode resonance spectra at 60% and 30% RH, and (b) the 30%RH 
spectrum shifted by -40 Hz along the 60%RH spectrum 
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As an example, the flexural resonance spectra of the PEMS at 30% and 60% RH 
are shown in Fig. 5.2 (a). As can be seen the resonance frequency increased by a 40 Hz 
when relative humidity changed from 60%RH to 30%RH. To examine whether the 
frequency shift is due to water adsorption or viscous damping due to humidity increase, 
we compare the resonance peak shapes and Q values at the two humidity levels, i.e., we 
shift the spectrum of 30%RH by -40 Hz and plot the shifted 30%RH spectrum together 
with the 60%RH spectrum in Fig. 5.2 (b). As can be seen, the two spectra fall on each 
other. This indicates the difference in either the peak shape or the peak height from 
60%RH to 30%RH was negligible and the observed resonance frequency shift was a 
result of desorption of water molecules but not damping or peak distortion due to 
humidity change in the ambient. A major reason is that unlike silicon cantilever which is 
based on single- crystalline silicon, which has very limited internal dissipation 
mechanism, a highly piezoelectric microcantilevers is a lossy capacitor with a loss factor 
around 2-5%.[119] The loss due to damping is negligible compared to this internal 
dissipation.  This is why damping effect is negligible for highly piezoelectric cantilevers 
such as the PMN-PT PEMS shown in the present study. 
In Fig. 5.3, we plot the relative resonance frequency shift, (Δf/f)RH versus RH 
(solid squares) where f and Δf are the resonance frequency at 60%RH and the difference 
of the resonance frequency at a given RH from that at 60%RH, respectively and the 
subscript RH denotes that Δf/f was due to the RH change. With the present planar 
detection geometry, the resonance frequency shift due to mass change can be deduced 
using (Δf/f)mass = -Δm/2M where Δm=(ΔΓSn+ΔΓAu)wL and M = (ρptp+ρntn)wL are the mass 
change and the mass of the PEMS, respectively with ΔΓSn and ΔΓAu denoting the water 
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molecule adsorption density change on the tin surface and that on the gold surface, 
respectively,  w and L the PEMS width and length, respectively, and ρp = 7.9 g/cm3 and tp 
= 8 μm (ρn = 7.3 g/cm3and tn = 6 μm) the density and thickness of the PMN-PT (tin) layer, 
respectively. Using two 10 MHz QCMs: one with two gold surfaces and the other with 
one tin surface and one gold surface (see Fig. 5.4), the mass change per unit area ΔΓ  on 
gold or tin surface due to water adsorption could be deduced from the Sauerbrey 
equation.[213] 
ΔΓ−=Δ ρG
f
f QQ
22
, (Eq. 5.1) 
where ΔfQ is the resonance frequency shift of QCM, G and ρ the shear modulus and the 
density of quartz, respectively, fQ the resonance frequency of the QCM. With fQ =10×106 
Hz, G = 2.947×1010 Pa, ρ = 2648 kg/m3, we deduced that from 60% to 30% RH, ΔΓSn = -
1.3 and ΔΓAu = -0.4 ng/mm2, respectively. Therefore, (Δf/f)mass = 8×10-6, which was 
roughly 300 times too small to account for the observed resonance frequency shift of 
3×10-3 from 60%RH to 30%RH as shown in Fig. 5.3.  
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Figure 5.3: (Δf/f)RH and–dRH versus relative humidity and (Δf/f)DC and dDC versus E of 
the PMN-PT PEMS. 
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Figure 5.4: Resonance frequency shift versus relative humidity of a 10MHz QCM 
(QCM1) with two gold electrodes (open circles) and that of a 10 MHz QCM (QCM2) 
with one tin electrode and one gold electrode (full squares). 
 
Since the PEMS had two dissimilar surfaces (Sn and Au surfaces) and ΔΓSn was 
around three times ΔΓAu, the induced surface stress on Sn (SSn) is larger than that on Au 
(SAu). For the first approximation, SSn=3SAu assuming induced surface stress is 
proportional to the adsorbed mass. The difference of surface stresses will bend the PEMS 
as a result (see Fig. 5.5). As discussed in details in Chapter 4, by measuring the tip 
displacement (d), the lateral strain of the PEMS during humidity detection can be 
deduced. The PEMS axial tip displacement, dRH, was monitored in situ where the 
subscript RH denotes relative humidity change. Also plotted in Fig. 5.3 is -dRH versus 
relative humidity (open squares). Note that a negative dRH indicates that the PEMS bent 
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towards the tin side (Fig. 5.5). From dRH, we deduced that the average lateral strain, εave, 
was 8 ×10-5 in the PMN-PT layer, also about 40 times too small to account for the 
measured (Δf/f)RH shown in Fig. 5.3. This ruled out strain as a main factor for the 
observed enhanced resonance frequency shift. 
d  
 
Sn 
 PMN-PT
 
SAuAu 
 
SSn
-E 
 
Figure 5.5: Bending of the PEMS due to water adsorption induced surface stress 
 
Separately, we subjected the PEMS to a DC field and simultaneously measured 
the resonance frequency shift and the tip displacement, d. The resultant (Δf/f)DC and dDC 
versus E are also plotted in Fig. 5.3 where f and Δf are respectively the flexural resonance 
frequency at E=0 and the difference of the resonance at a given E from that at E=0 and 
the subscript DC denotes that Δf/f and d were due to the DC field change. Note that an 
E>0 denotes an electric field parallel to the poling direction of the PMN-PT layer. As can 
be seen, for both (Δf/f)DC and dDC, the effect of decreasing the relative humidity from 
60%RH to 30%RH was similar to the effect of changing E from 0 to 3 kV/cm. As both 
the mass loading effect and the detection-induced strain could not account for the 
observed Δf/f, the similarity between the effect of the humidity change and that of the DC 
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field suggests that the present humidity-change-induced Δf/f could also be a result of the 
Young’s modulus change in the PMN-PT layer.  
To examine whether the Young’s modulus of the PMN-PT layer changed during 
humidity detection, we subjected two separate PMN-PT strips with the same width 
(700±100 μm) in humidity detections and monitored the fundamental width-mode 
resonance frequencies of the strips. To make sure that the lateral stress of the PMN-PT 
strips did not change sign across its thickness, one strip had two identical evaporated gold 
(strip a) surfaces and the other with two identical electroplated tin surfaces (strip b) such 
that no bending occurred in the PMN-PT strips during humidity detection. The thickness 
of the gold or Tin layer is 100 nm only for electrode purpose. Since the two strips had the 
same width, they both showed width mode resonance at around 2.1 MHz which agreed 
with the theoretical predication described in details in Chap. 4.  
During humidity detection, as an example, the width-mode resonance spectra of 
the two-side Au strip at various RH are shown in Fig. 5.6. Clearly, the width-mode 
resonance frequency of the strip shifted with a changing RH. With f and Δf as defined 
above, we plot (Δf/f)RH versus RH of the PMN-PT strip in Fig. 5.7. That (Δf/f)RH 
increased with a decreasing RH, indicating that the lateral Young’s modulus of the PMN-
PT strip indeed changed with a changing relative humidity. Furthermore, the (Δf/f)RH of 
the width mode of the PMN-PT strip was similar to that of the flexural mode of the 
PMN-PT PEMS in that both increased with a decreasing relative humidity. For further 
comparison, we subjected the PMN-PT strip to a DC field and measured its width-mode 
resonance frequency shift. The resultant (Δf/f)DC versus E of the PMN-PT strip is also 
plotted in Fig. 5.7. Clearly, for the width mode of the PMN-PT strip, the effect of a 
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positive E was similar to that of a decreasing RH, which is parallel to what was observed 
in the flexural mode of the PMN-PT PEMS shown in Fig. 5.3.  
 
Figure 5.6 : the width-mode resonance spectra of the 2-side Au PMN-PT strip at 30% and 
60% relative humidity. 
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Figure 5.7: width mode frequency shift (Δf/f)RH versus relative humidity and (Δf/f)DC 
versus E of a separate PMN-PT strip. 
 
To compare the contributions of Au and Sn surfaces to the Young’s modulus 
change of the PMN-PT, strip a and b were subjected to the humidity detection together 
and the width mode frequency shifts were monitored with humidity change. The results 
were shown in Fig. 5.8. It’s clear the Young’s modulus change of the 2-side Sn strip was 
much larger than that of the 2-side Au strip since Sn surface adsorbed more water than 
Au did. QCM data (Fig.5.3) indicated that Sn adsorbs three times water as Au surface 
does. We can see that tripled frequency shift of the strip a overlapped with that of strip b 
indicating the Young’s modulus change is linear with the adsorbed mass. 
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Figure 5.8: relative width mode frequency shifts of 2-side Au strip (solid circles) and 2-
side Sn strip (solid squares). 
 
As described earlier, the fundamental width-mode resonance frequency, fw, of the 
separate PMN-PT strip was related to the lateral Young’s modulus, YP, the density, ρP, 
and the width, w, of the PMN-PT strip as ( ) wYf PPw 221ρ= . Because 1<<Δ ww ff and 
the width change was negligible, the relative Young’s modulus change of the strip could 
be readily deduced as ( ) ( )stripwwstripPP ffYY Δ≅Δ 2 . Furthermore, the adsorbed mass 
density change on the tin surface was about three times that of the gold surface and strip 
a had two gold surfaces while the PEMS had one tin and one gold surface. Therefore, the 
PMN-PT strip absorbed only about half the amount the PEMS adsorbed. The result in Fig. 
5.8 indicated Young’s modulus change is proportional to the adsorbed mass density 
(mass per unit area) change, the relative Young’s modulus change of the PMN-PT layer 
in the PEMS ( )PEMSPP YYΔ  could be approximated as ( ) ( )stripPPPEMSPP YYYY Δ≅Δ 2 . 
77 
 
With this offset, one could then deduce the relative flexural frequency shift (Δf/f)RH of the 
PEMS using[123] 
M
kf
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π≅ with 3
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Y1  with Yp,0 = 80 GPa. The deduced Δf/f versus RH of the PEMS 
(solid diamonds) is also plotted in Fig. 5.3. Clearly, the deduced Δf/f versus RH of the 
PMN-PT PEMS using the Young’s modulus change obtained from the PMN-PT strip 
overlapped with experimental results within the experimental uncertainty, validating that 
Young’s modulus change was indeed the underlying mechanism for the PEMS flexural-
mode resonance frequency shift during humidity detection.  
To further compare the Δf/f of the PMN-PT PEMS observed in the humidity 
detection with the Δf/f obtained with a DC bias field, we re-plot the results shown in Fig. 
5.3 as (Δf/f)RH versus -εave,RH and (Δf/f)DC versus εave,DC in Fig. 5.9 where εave,RH = εc,RH + 
0.5εb,RH and εave,DC = εc,DC + 0.5εb,DC were the average lateral strains in the PMN-PT layer 
as deduced from the axial displacement, -dRH and dDC shown in Fig. 5.3, respectively. 
Clearly the relative resonance frequency shifts of the PMN-PT PEMS correlated well 
with the lateral strains of the PMN-PT layer regardless whether the resonance frequency 
shift was caused by a DC field or by a humidity change, further confirming that the 
flexural resonance frequency shift in the present PEMS was a result of the Young’s 
modulus change in the PMN-PT layer. As shown in Chapter 4, the underlying mechanism 
78 
 
for the Young’s modulus change is the non-180° polarization domain switching caused 
by a DC bias field. Through the comparisons shown above, it could be concluded that the 
Young’s modulus change in the present humidity detection was also due to polarization 
domain switching caused by the binding-induced stress as it has been shown that changes 
in polarization domain patterns could occur by indentation and subsequently recover by 
an electric field.[206] For comparison, the average stress change of the PMN-PT layer 
due to the desorption of the adsorbed water molecules can be estimated as σave,RH = 
Ypεave,RH. In Fig. 5.9, σave,RH along with σave,DC = Ypεave,DC due to a DC field change is also 
labeled as the top x-axis. Also plotted are the deduced relative Young’s modulus changes, 
(ΔYp/Yp)RH, (ΔYp/Yp)DC of the PMN-PT layer in the PEMS as directly deduced from the 
resonance frequency shifts of PMN-PT PEMS. As can be seen in Fig. 5.9, both σave,RH 
and σave,DC were on the order of MPa and the relative Young’s modulus change in the 
PMN-PT layer of the PEMS was about 0.8 % per MPa stress, which was comparable to 
1-1.5% Young’s modulus change per MPa reported for unpoled bulk piezoelectrics.[207]  
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Figure 5.9: (Δf/f)RH and (ΔYP/YP)RH versus -εave,RH and -σave,RH and (Δf/f)DC and 
(ΔYP/YP)DC versus εave,DC and -σave,DC where (Δf/f)RH and (Δf/f)DC are re-plotted from 
Fig.5.3. 
 
It is worth noting that Stoney’s equation which typically works well for silicon-
based microcantilevers did not work for the present PMN-PT PEMS due to the non-180° 
domain switching associated with the Young’s modulus change during detections. 
Following is one form of Stoney’s equation which can be used to deduce surface stress 
on the cantilever:[214] 
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Where d, ν, L, t, Y, and ΔS are the tip displacement, Poisson’s ratio, length, thickness, 
Young’s modulus, and difference of the adsorption induced surface stresses on top and 
bottom surfaces of a cantilever. For example, using the displacement shown in Fig. 5.3, 
we deduced a surface stress change of -45 N/m and -15 N/m for the tin and the gold 
surface of the PEMS when RH changed from 60% to 30%, which were two orders of 
magnitude larger than the typical surface stress, 0.1-0.25 N/m, induced by absorption 
(e.g., thiol adsorption on gold[154]). For Stoney’s equation to be valid, the detection 
cantilever must be rigid, i.e., no microstructural changes occur to alter its elastic modulus. 
Contrary to this requirement, the present PEMS exhibited observable domain-switching-
induced Young’s modulus changes. The domain switching responsible for the Young’s 
modulus change also gave rise to a much larger axial displacement than would be 
expected from a rigid non-piezoelectric microcantilever (such as silicon) of the same 
dimensions and under the same detection conditions to result in a much exaggerated 
surface stress. 
5.3 Chapter summary 
In summary, we have shown that the flexural resonance frequency shift of a 
PEMS during humidity detection was due to the Young’s modulus change of its 
piezoelectric layer, which was 400 times larger than could be accounted for by the mass 
loading alone. Furthermore, because of the Young’s modulus change during detection, 
the use of Stoney’s equation would exaggerate the surface stress by two orders of 
magnitude. 
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CHAPTER 6: ENHANCED DETECTION RESONANCE FREQUENCY SHIFT 
BY A DC BIAS ELECTRIC FIELD IN HUMIDITY DETECTION 
 
6.1 Introduction 
The results in Chap. 5 indicated that the two orders of magnitude detection 
sensitivity enhancement was a result of the Young’s modulus change in the PMN-PT 
layer due to non-180° polarization domain switching in the PMN-PT layer.[129] 
Meanwhile, the result in Chap. 4 showed that applying a DC bias electric field (DC field, 
E thereafter) to the PMN-PT layer changed the Young’s modulus of the PMN-PT 
layer.[128] This indicated that the underlying polarization domain switching that caused 
the observed Young’s modulus change may be controlled by a DC field and that one may 
use a DC bias field, E, as a means to further enhance the resonance frequency shift of a 
PMN-PT PEMS in detection. For instance, in Chap 4, it was shown that applying a DC 
bias electric field (DC field, E thereafter) to the PMN-PT layer changed the Young’s 
modulus of the PMN-PT layer changes and that the Young’s modulus change in the 
negative E regime was almost three times that in the positive E regime where a positive 
(negative) E indicates an electric field parallel (opposite) to the poling direction (see Fig. 
4.7). This observation of a larger Young’s modulus change in the PMN-PT layer in a 
negative E suggests that one may use a negative E as a means to enhance the resonance 
frequency shift of a PMN-PT PEMS in detection. 
In this chapter, the effect of a DC bias electric field on the flexural-mode 
resonance frequency shift of a PMN-PT/Sn PEMS in humidity detection will be 
examined. 
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6.2 Results and discussion 
The PEMS used was 650±100 μm long and 600±50 μm. The thickness of the 
PMN-PT is 8±0.5 μm and that of Sn 6±1 μm. An optical micrograph of the PEMS and 
resonance frequency spectrum were shown in Fig. 6.1. With the Young’s modulus and 
density of PMN-PT (tin) being Yp = 80 GPa and ρp = 7.9 g/cm3 (Yn = 50 GPa and ρn = 7.3 
or 9.0 g/cm3), respectively. The theoretical flexural-mode resonance frequencies of the 
PEMS were calculated and marked by the dashed vertical lines in Fig. 6.1. Clearly, the 
PEMS exhibited two flexural frequencies below 120 kHz with Q = 60, 100 for the 1st and 
2nd modes, respectively where Q was the ratio of the resonance frequency to the peak 
width at half the peak height. The peak positions agreed with the theoretical values very 
well indicating they are indeed 1st and 2nd flexural modes. 
Firstly, the PEMS was examined in a DC bias field. The flexural-mode and the 
dielectric constant of the PEMS were measured in a 10-sec time interval with a 1 kV/cm 
field increment. A positive (negative) E denotes a field that is parallel (opposite) to the 
poling direction. All measurements were the average of 4-5 independent field sweeps. 
Denoting a resonance frequency at zero DC field as f0, and f(E) as that at a finite E, the 
relative resonance frequency shift at a finite E is Δf(E)/f0 where Δf(E) = f(E)−f0. In Fig. 
6.2, we plot Δf(E)/f0 versus E. As shown in Chaps. 4 and 5, the frequency shift with a DC 
bias field and in humidity detection was a result of Young’s modulus change. 
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Figure 6.1: Phase angle versus frequency flexural resonance spectra of the PEMS at 
various DC bias fields. The insert is an optical picture of the PEMS. The dash lines are 
theoretical prediction 
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Figure 6.2: Δf(E)/f0 (solid circles) versus E. 
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For humidity detection, the PMN-PT PEMS was placed in a sealed glovebox as 
described in detail in Chap. 5. The humidity detection experiment was carried out by 
measuring the first-mode flexural resonance frequency of the PMN-PT/tin PEMS with a 
constant DC bias electric field of -9, -6, -4, -2, 0, 4, or 9 kV/cm at various relative 
humidity levels between 30% and 60% RH. The glovebox was connected to a humidifier 
(Sunbeam) to first bring the relative humidity (RH) inside the glovebox to 70%. Dry air 
was then flown into the glovebox to bring the RH inside the glovebox to a desired level. 
We waited for 5 mins to make sure the relative humidity was indeed stable before we 
measured the PEMS resonance frequency. The temperature inside the glovebox was 
within a window of 23±0.1 throughout the humidity detection experiments. 
 
Figure 6.3: Phase angle versus frequency resonance spectra at various RHs with E = - 6 
kV/cm and E = 0 
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The flexural resonance frequency spectra at 30%RH, and 60%RH obtained at E = 
0 and E = -6 kV/cm are shown in Fig. 6.3. Clearly, for the same RH, the resonance 
frequency was lower at E = -6 kV/cm than at E = 0. Furthermore, the resonance 
frequency increased with a decreasing RH as a result of desorption of water molecules 
from the sensor surface only that the resonance frequency shifted much more at E = -6 
kV/cm than at E = 0. To more closely examine the effect of E on humidity detection 
resonance frequency shift, we carried out humidity detection in the same 60-30% 
humidity range but with a different DC bias electric field. In Fig. 6.4, we plot Δf(E)/f(E) 
versus RH at various DC bias electric field E where f(E) and Δf(E) were the resonance 
frequency at 60%RH and Δf the difference between the resonance frequency of a given 
RH and that of 60%RH measured with a DC bias electric field, E. As can be seen, 
magnitude of the slope of Δf(E)/f(E) versus RH for most E≠0 was larger than that of E = 
0. To better see the effect of E on Δf(E)/f(E), we plot Δf30(E)/f(E) versus E in Fig. 6.5 (a) 
where Δf30(E) is resonance frequency shift from 60%RH to 30%RH with a DC bias field, 
E. As can be seen, Δf30(E)/f(E) increased from about 0.25% for E = 0, to a maximum of 
about 0.75% at E = -6 kV/cm and to about 0.45 % at E = 9 and 9 -kV/cm. Note that 
Δf30(E)/f(E) at E = -6 kV/cm and that at 9 and -9 kV/cm were about 3 and 1.8 times the 
Δf30(E)/f(E) at E = 0, respectively. 
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Figure 6.4: relative resonance frequency shift (Δf/f) versus relative humidity at various E. 
The lines are only to guide the eye. 
 
As shown in Chaps. 4 and 5, the resonance frequency shift of the PMN-PT PEMS 
during humidity detection was a result of the Young’s modulus change in the PMN-PT 
layer as a result of the non-180° polarization domain switching. It is known that the 
relative dielectric constant of a ferroelectric is sensitive to non-180° polarization domain 
switching.[209, 215] To examine if the present DC-biased electric field enhanced 
resonance frequency shift was due to enhanced non-180° polarization domain switching 
in the PMN-PT layer, we measured the relative dielectric constant, ε, as a function the 
DC bias electric field, E. Figure 6.5 (b) shows Δε(E)/ε versus E where Δε(E) = ε(E)− ε   
and ε and ε(E) are the dielectric constant at E = 0 an E ≠ 0, respectively. As can be seen 
the relative dielectric constant changes with E confirming the domain switching in the 
PMN-PT layer. 
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Figure 6.5: (a) Δf(E)/f , (b) Δε(E)/ε versus E 
 
From Δε(E)/ε versus E plot in Fig. 6.5 (b), four regions of behavior may be 
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configuration representing region I is shown in I of Fig. 6.6. The minimal change in 
Δf(E)/f(E) in region I is consistent with the observed little change in Δε(E)/ε in this region. 
When E > 5 kV/cm, Δε(E)/ε decreased sharply due to the switching of the in-plane 
polarization to the direction of the electric field parallel to the polarization. A schematic 
of Region II is shown as II of Fig.6.6. For -6 kV/cm < E < 0 (Region III), Δε(E)/ε 
increased with a negative DC bias electric field, indicating that under a negative DC field, 
i.e., electric field whose direction was opposite to the polarization some of the initially 
vertical polarizations switched to an in-plane direction instead of switching directly to the 
negative field direction as schematically shown in III of Fig. 6.6. For E < -6 kV/cm 
(Region IV), Δε(E)/ε decreased with an increasing negative DC field, indicating that 
switching of in-plane polarization to the negative field direction as schematically shown 
in IV of Fig. 6.6. From Figs. 6.5 (a) and (b), one can see that the higher Δf(E)/f(E) values 
at -6 kV/cm < E < 0 (Region III) was related to the increased in-plane polarization 
population in this range. The increase in in-plane polarization due to a negative DC field 
increased the “switchability” of the polarization domains[216]  thereby enhancing the 
resonance frequency shift in the presence of a negative DC field in Region III. Note when 
the magnitude of the DC field was large enough such as in regions II and IV the DC field 
coerced the polarization into the field direction, which also enhanced the relative 
resonance frequency shift even though the effect was not as high as that at E = -6 kV/cm. 
Note that the polarization in region II was not saturated yet. Both the direction and the 
magnitude of the polarization could further change with field due to the fact that the 
PMN-PT was on a rhombohedral (R)-tetragonal (T) morphotropic phase boundary and 
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that more switching between the R phase to the T phase occurred in this region[193] to 
result in a high Δf(E)/f(E). 
 
Figure 6.6: A schematic of domain configurations at various DC electric fields 
 
In comparison, the relative resonance frequency shift due to the mass change of 
the PEMS from the desorption of water molecules could be deduced using (Δf/f)mass = -
Δm/2M where Δm=(ΔΓSn+ΔΓAu)wL and M = (ρptp+ρntn)wL were the mass change and the 
mass of the PEMS with ΔΓSn and ΔΓAu respectively denoting the water molecule 
adsorption density change on the tin surface and that on the gold surface, w and L the 
PEMS width and length, respectively, and ρp = 7.9 g/cm3 and tp = 8 μm (ρn = 7.3 
g/cm3and tn = 6 μm) the density and thickness of the PMN-PT (tin) layer, respectively. 
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According the QCM measurement in Chap. 5, the mass density change on the tin surface 
and that on the gold surface from 60% to 30% RH were ΔΓSn = -1.3 and ΔΓAu = -0.4 
ng/mm2, respectively. The deduced (Δf/f)mass = 8×10-6, which was more than 300 times 
too small to account for the observed resonance frequency shift of 2.5×10-3 at E = 0 and 
around 1000 times smaller than frequency shift of 7.5×10-3 at E = -6 kV/cm as shown in 
Fig. 6.5. The observed enhancement of the relative resonance frequency shift in a 
negative DC bias electric field further indicated that PEMS resonance frequency shift in 
detection is a result of the non-180° polarization domain switching in the PMN-PT layer 
that changed the Young’s modulus change of the PMN-PT layer. These results indicated 
that the increase in the in-plane polarization due to a negative DC field increased the 
“switch-ability” of the polarization domains thereby enhancing the resonance frequency 
shift in the presence of a negative DC field while a positive DC field decreased the 
switch-ability of polarization domains. 
 
6.3 Chapter summary 
In summary, the relative flexural resonance frequency shift of a PEMS in 
humidity detection with a DC bias electric field was investigated. The result showed that 
a negative DC field of -6 kV/cm enhanced the relative resonance frequency shift by more 
than 3 times of the detection without a DC bias and three orders of magnitude 
enhancement comparing to the mass loading model was achieved. 
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CHAPTER 7: SCALING OF THE FLEXURAL RESONANCE FREQUENCY 
SHIFT DUE TO YOUNG’S MODULUS CHANGE 
 
7.1 Introduction 
In Chapters. 5 and 6, it was shown that the Young’s modulus change can account 
for the two-order-of-magnitude enhanced frequency shift found in the PEMS during 
humidity detection. However, as little is known of the ramification of this Young’s 
modulus to the PEMS detection sensitivity, it is of interest to examine how this newly 
discovered detection mechanism affects the detection sensitivity of the PEMS.  
The purpose of this chapter was to examine the dependence of the flexural 
resonance frequency shift of a PEMS on its mode, thickness, length, and width 
experimentally in humidity detection for PEMS that exhibit the Young’s modulus change 
mechanism. 
 
7.2 Theory 
In this section, the theory derived and proposed by Dr. Wan Y. Shih was outlined. 
Consider a rectangular PEMS of length, L, and width, w, (see Fig 4.1) consisting of a 
piezoelectric layer of thickness, tp, Young’s modulus, Yp, and density, ρp and a 
nonpiezoelectric layer of thickness tn, Young’s modulus, Yn, and density, ρn . The flexural 
resonance frequency can be expressed[123] as
e
i
M
kf π
ν
2
2
≅ where 3
3
4L
wtY
k eff= and 
( )nnppe ttLwM ρρ += 234.0  are the effective spring constant and the effective mass of 
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the PEMS, respectively with
( )( )nnpp npnpnpnpnnppeff rYrY
r3r2r2rrrY2YrYrY
Y +
++++≡
224242
 being the 
effective Young’s modulus of the PEMS, ttr pp ≡ , ttr nn ≡ , and np ttt += . As analytes 
bind to the PEMS surface, along with the Young’s modulus change in the piezoelectric 
layer change is the strain induced by the analyte binding. Let εt, εw, and εL denote than 
strain in the thickness, width, and length directions, respectively and ΔYeff the change in 
the effective Young’s modulus. Neglecting the effect due to the mass change, the flexural 
resonance frequency shift, Δf, of a PEMS can be related to the spring constant change, Δk, 
and εt, εw, and εL and ΔYeff as  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++Δ≅Δ≅Δ Lwt
eff
eff
Y
Y
k
k
f
f εεε 33
2
1
2
. (Eq. 7.1) 
As shown in Ref. [207], for small strains, ΔYeff is linear to εL, i.e., LeffeffY Y αε=Δ −  
where α was a positive number to denote that a tensile strain gave a negative ΔYeff. The 
binding-induced strain is isotropic in both width and length direction, hence, εL = εw = 
ε and εt = -νε  where ν  denotes the Poisson's ratio.  With ν ≅ 0.3, ( )εα+−≅Δ 3kk
swF =
tYs ave/=
. 
Furthermore, Denoting s as the total surface stress acting on the PEMS, then  is 
the total force acting along the length of the PEMS. Note that a positive (negative) F 
represents a tensile (compressive) force. It follows that ε and 
( ) tYskk aveα+−≅Δ 3 where nnppave rYrYY += . The Δf/f can then expressed as 
( )
tY
s
f
f
ave2
3 α+−≅Δ . (Eq. 7.2) 
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Equation (7.1) shows that furthermore, f can be expressed in terms the length and width 
aveeff
i Y
L
t
f ρν 2
2
56.3=  where nnppave rr ρ+ρ=ρ  is the average density. Plugging this 
expression of f in Eq. (7.2), one obtains Δf as  
( ) ( )aveeff
ave
i Y
LY
s
f ρνα 2
2
2
356.3 +−≅Δ . (Eq. 7.3) 
Equation (7.3) indicates Δf is proportional to L-2. With ΔΓ denoting the total mass change 
per unit area due to the analyte binding, the total mass change of the PEMS is wm ΔΓ=Δ . 
Therefore, mf ΔΔ can be expressed as 
( ) ( )aveeff
ave
i Y
wLY
s
m
f ρνα 3
2
2
356.3 ΔΓ
+−≅Δ
Δ
.(Eq. 7.4) 
Equation 7.4 indicates that Δf/Δm is proportional to (L3w)-1. 
 
7.3 Experimental results and discussion 
Three (PMN-PT) PEMSs were used for this study. The physical properties and 
dimensions of the PEMSs were listed in Table 7.1. 1st and 2nd modes of the PEMSs were 
examined in the humidity detection. As an example, the phase angle versus frequency 
resonance spectrum of PEMS-B was shown in Fig. 7.1. With the parameters listed in 
Table 7.1, the theoretical flexural-mode resonance frequencies of the PEMS were 
calculated [118, 123, 207] and marked by the dashed vertical lines in Fig. 7.1. Clearly, 
PEMS-B exhibited two flexural frequencies with Q = 50, and 100 for the 1st and 2nd 
modes, respectively where Q was the ratio of the resonance frequency to the peak width 
at half the peak height. Note that although the three PEMSs are rectangle shape almost as 
wide as they were long, the 1st and 2nd flexural modes were independent on the width of 
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the PEMS plate.[217] Therefore the beam theory described above is still applicable in the 
present study. 
Table 7.1: L, w, t, tp, tn, Yeff, Yave, and ρave, of the PEMS where the variables are as 
defined in the text. 
PEMS L 
(μm) 
w 
(μm) 
t 
(μm)
tp 
(μm)
tn 
(μm) 
Yeff 
(GPa)
Yave 
(GPa) 
ρave 
(g/cm3) 
PEMS-A 900 800 14 8 6 59 67 7.65 
PEMS-B 650 700 14 8 6 59 67 7.65 
PEMS-C 650 700 44 22 22 59 65 7.61 
 
Figure 7.1: Phase angle versus frequency of PEMS-B. The dashed lines indicate the 
theoretical flexural resonance frequencies 
 
The humidity detection was described in details in Chaps 5 and 6. All the data points 
shown below were the average of more than three independent humidity sweeps. As the 
relative humidity changed, the PEMS resonance peak position shifted. As an example, 
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the 1st flexural-mode resonance spectra of PEMS-B at 60 and 30% relative humidity are 
shown in Fig. 7.2. In Fig. 7.3, we plot the resonance frequency shift, Δf, versus relative 
humidity for all the modes of the three PEMS. As can be seen, the resonance frequency 
shift was reversible with the relative humidity change and all resonance frequencies 
decreased with an increasing relative humidity. 
 
Figure 7.2: the 1st-mode flexural resonance spectra of PEMS-B at 60 and 30% relative 
humidity. 
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Figure 7.3: Δf versus relative humidity where the variables are as defined in the text. The 
open squares and half-full squares denote modes 1 (A1) and 2 (A2) of PEMS-A, open 
circles and half-full circles denote modes 1 (B1) and 2 (B2) of PEMS-B, and open 
triangles and half-full triangles denote modes 1 (C1) and 2 (C2) of PEMS-C, respectively. 
The dashed lines are to guide the eye. 
 
In Table 7.2, we listed the resonance frequency, f, at 45% relative humidity as 
well as Δf and Δf/f for the relative humidity change from 30% to 60%. To quantify the 
adsorbed mass change per unit area, ΔΓ, a 10 MHz quartz crystal microbalance (QCM) 
(Fortiming Corporation, Marlboro, MA) was also included in the glovebox. One 
electrode of the QCM was coated with tin and the other with gold to mimic the surfaces 
of the PEMS. The resonance frequency shift versus relative humidity of the QCM in the 
10-60% relative humidity range is shown in the insert of Fig. 7.4. Using the Sauerbrey 
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equation,[213] ΔΓ can be deduced from ΔfQCM as 2QCMqqQCM f2f ρμΔ−=ΔΓ where 
fQCM, ΔfQCM, μq = 2.947×1011 dyne/cm2 and ρ = 2.648 g/cm3 were the resonance 
frequency, resonance frequency shift, shear modulus, and density of the QCM, 
respectively. With ΔfQCM = −37 Hz inferred from Fig. 7.4, we obtained ΔΓ = 1.7×10-7 
g/cm2 for the relative humidity change from 30% to 60%, which corresponded to a 
thickness change of Δt = ΔΓ/ρ ≅ 0.6 nm, about two molecular layers of water. The 
experimental mass change of the PEMS and the experimental mass detection sensitivity 
were then deduced as  and Lwm ΔΓ=Δ ( )expfm ΔΔ , respectively and listed in Table 7.2. 
The theoretical mass detection sensitivity due to the mass loading effect alone was also 
calculated using [118, 123] ( ) ( )emass Mffm 2Δ =Δ . As can be seen, all the 
experimental ( )expfm ΔΔ  was around 300 times more sensitive than the theoretical 
( )massfm ΔΔ .  
Table 7.2: Mode, f, Δf, Δm, (Δm/Δf)exp, (Δm/Δf)mass, and (Δm/Δf)norm of the PEMS where 
the variables are as defined in the text. 
PEMS mode f 
(kHz) 
Δf 
(Hz) 
Δm 
(ng) 
(Δm/Δf)exp 
(g/Hz) 
(Δm/Δf)mass 
(g/Hz) 
(Δm/Δf)norm 
(g/Hz) 
PEMS-A 1 8 -21 1.1 -5×10-11 -1.7×10-8 -2.6×10-12 
2 48 -160 1.1 -7×10-12 -2.7×10-9 -2.4×10-12 
PEMS-B 1 15 -40 0.8 -2×10-11 -7×10-9 -2.9×10-12 
2 101 -300 0.8 -3×10-12 -1.1×10-10 -2.4×10-12 
PEMS-C 
 
1 48 -40 0.8 -2×10-11 -7×10-9 -2.7×10-12 
2 294 -270 0.8 -3×10-12 -1×10-10 -2.6×10-12 
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Figure 7.4: The resonance frequency shift versus relative humidity of a 10 MHz quartz 
crystal microbalance. The dashed lines are to guide the eye. 
 
To compare the experimental results with Eq. 7.2, Δf/f was multiplied by 
BaveBave YtYt ,  and plot ( )( )BaveBave YtYtff ,Δ  versus relative humidity in Fig. 7.5(a) 
where tB and Yave,B denote  the thickness and the average Young’s modulus of PEMS-B, 
respectively. As can be seen, all data points fall on one single line, indicating that for all 
longitudinal flexural modes, Δf/f is inversely proportional to (Yavet) as Δf/f ∝ (Yavet)-1 
regardless the PEMS dimensions and mode. Note that the variation of Yave among the 
PEMS were quite small (see Table 7.1), thus one may drop Yave and further simplify the 
scaling relationship as Δf/f ∝ t−1. 
99 
 
Since and were about the same for all three PEMSs (see Table 7.1), to 
compare the experimental results with Eq. 7.3, the dependence on (Yeff/ρave)1/2 was 
neglected and Δf was only multiplied by 
effY aveρ
( )( )BaveBavei YLYL ,22222 νν . 
( )( )BaveBY ,2aveY2i LLf 222 ννΔ  was plotted versus relative humidity in Fig. 7.5(b) where ν22 
is the second-mode eigen value. As can be seen, all the data points fall one line, 
indicating that with the same s (i.e. for the same RH change), Δf is indeed proportional to 
the eigen value νi2 and inversely proportional to (YaveL2) as Δf ∝ νi2(YaveL2)-1. Again, 
since the variation of Yave among the PEMS was quite small, one may drop Yave and 
further simplify the scaling relationship as Δf ∝ νi2L-2. 
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Figure 7.5: (a) ( )( )BaveBavei YLYLf ,22222 ννΔ and (b) ( )( )BaveBave YtYtff ,Δ  versus relative 
humidity where the variables are as defined in the text. The symbols denote the same 
resonance modes as in Fig. 8.3. The dashed lines are to guide the eye. That all the data 
points fall on one line in (a) and (b) indicates that Δf ∝ (YaveL2)-1 and Δf/f ∝ (Yavet)-1, 
respectively. 
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To compare the experimental results with Eq. 7.4, again the variation of 
(Yeff/ρave)1/2 was neglected among the three PEMS and the experimental (Δm/Δf)exp was 
multiplied with ( )( )BaveBBavei YLwYwL ,33222 νν for all modes of the PEMS and list 
( ) ( )( )BaveBBavei YLwYwLfm ,33222exp ννΔΔ  as ( )normfm ΔΔ  in Table 7.2. As can be seen, 
the values of ( )normfm ΔΔ  ranged from -2.1×10-12 to -2.9×10-12 with an average of -
2.5×10-12 ± 20%, validating Eq. 7.4. Again, because Yave varies little among the PEMS, 
the scaling relationship can be further simplified as 32 wLmf iν−∝ΔΔ . 
It is interesting to note that the scaling relation 32 wLmf iν−∝ΔΔ  indicated by 
Eq. 7.4 for the Young’s modulus-change induced resonance frequency shift was similar 
to that for the mass-loading induced resonance frequency shift except that the magnitude 
of the Young’s modulus-change induced resonance frequency shift was more than 300 
time larger than that by mass loading as shown in table 7.2. 
 
7.4 Validation via width mode 
In addition, the scaling can be further validated via width mode frequency. As an 
example, Eq. 7.2 can be rewritten as tY
s
Y
Y
aveeff
eff ∝Δ ,  for the PEMSs with same Yave and 
thickness t, the Young’s modulus is only related to the induced surface stress. To double 
validate this relation, three PEMSs had same thickness but different width such that the 
width mode frequencies were different. The dimensions of the three PEMSs were 8±0.5 
μm thick PMN-PT, ~1 μm thick Cu, 850±100 μm, and 450-1600 μm wide. The width 
mode frequencies agreed with theoretical prediction (see Fig. 3.9). The PEMSs were 
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coated with Au on both sides and the width modes were monitored in the same humidity 
detection. The results were shown in Fig. 7.6 and each curve was the average of at least 
four independent measurements. The result showed that the relative width mode shifts 
collapsed on a single curve indicating that the PEMSs experienced the same Young’s 
modulus change regardless of the their widths (therefore the width mode frequencies). 
This result further validated Eq. (7.2) 
tY
s
Y
Y
aveeff
eff ∝Δ  since for the same humidity detection, 
induced surface stress was the same. 
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Figure 7.6: Relative width mode frequency shifts of the PEMSs with different widths in 
humidity detection 
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7.5 Chapter summary 
In conclusion, it has been shown that PEMS whose resonance frequency shift 
during detection is due to the Young’s modulus change in the piezoelectric layer exhibit a 
detection resonance frequency, Δf, inversely proportional to the square of the PEMS 
length, L2; a relative resonance frequency shift, Δf/f, inversely proportional to the PEMS 
thickness, t; the mass detection sensitivity, Δf/Δm, inversely proportional to wL3 where w 
is the width. The detection resonance frequency by the Young’s modulus change in the 
piezoelectric layer is more than 300 times larger than would be expected by the mass 
change. 
104 
 
CHAPTER 8: NERVE GAS SIMULANT DETECTION USING PEMS ARRAY 
 
8.1 Introduction 
Chemical warfare agents (CWA) were used in World War I and resulted in 1.3 
million casualties.[218] Since then they have been used in numerous incidents, for 
examples, sulfur mustard in the Iran-Iraq war, nerve agents against the Kurdish 
opposition in Iraq, and the attacks by Aum Shinrikyo sect in Japan.[219] Especially after 
9-11 and the subsequent anthrax scare, use of CWA in terrorism activities has became a 
major homeland security concern and there is an urgent need for rapid, real time, in situ 
CWA detections both in the civilian and military environments.  
The traditional analytical techniques for nerve gas detection include gas 
chromatography – mass spectrometry (GC/MS),[220] passive Fourier transform infrared 
spectroscopy (FTIR),[221] and Raman spectroscopy.[24] They are bulky, expensive, and 
time-consuming, therefore, unsuitable for portable in situ detection. To meet the 
challenge, researchers have been working on a wide range of sensing and transducer 
technologies, including electrochemical sensors,[222-224] quartz crystal microbalance 
(QCM),[225-227] surface acoustic wave (SAW) devices,[228-233] semiconducting metal 
oxide (SMO) devices,[234-238] and microelectromechanical systems (MEMS).[35, 56, 
59, 78, 124, 142, 143, 154, 239-242] Despite that these techniques can provide relatively 
rapid and specific nerve gas detection, there is still limitation hindering their real 
application. For example, the disadvantage of SMO sensors is that the detection must be 
done at an elevated temperature. QCM and SAW are in the centimeter size range which is 
a disadvantage for array sensing. On the other hand, silicon-based microcantilever 
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sensors have many advantages, such as high sensitivity, rapid response, and array 
capability. However, they rely on optical detection system for signal transduction, 
unsuitable for portable and in situ detection.[47, 240]  
In this chapter, real time in situ detection of DMMP was demonstrated using the 
PMN-PT/Cu PEMS. Also, the DMMP detection using planar silica surface serves as the 
first example of surface stress-induced enhanced resonance frequency shift. 
 
8.2 Strategy for selective gas detection 
Unlike the antibody-antigen bonding which is very specific in biological system, 
gas molecules may interact with different adsorbents with different manners. For this 
reason, it’s a big challenge to achieve selective gas detection. There are two approaches 
to meet this challenge: 1. Design and synthesize nanostructured supramolecules (called 
cavitand) selectively adsorbing target molecules; 2. Adopt multiple adsorbents (sensors) 
to form an array. 
 
8.2.1 Cavitand for selective gas adsorption 
A cavitand is a container shaped molecule.[243] The cavity of the cavitand allows 
it to engage in host-guest chemistry with guest molecules of a complementary shape and 
size. Examples include cyclodextrins, calixarenes, and cucurbiturils. An example was 
shown in Fig. 4.1,[244] where we can see the target molecule was adsorbed by the 
cucurbiturils shaped because the size, shape, and binding sites match. However, synthesis 
of cavitand to a specific target molecule requires specialized chemistry equipment and 
skills.  
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Target molecule 
Target molecule 
 
Figure 8.1: A cavitand cucurbituril bound with a guest p-xylylenediammonium [244] 
 
8.2.2 Array pattern recognition for gas detection 
Alternatively, a group of partially selective adsorbents forming an array can be 
adopted to achieve selectivity. For instance, an array of three PEMSs immobilized with 
adsorbents A, B and C, respectively, is used to detect analytes x, y, and z. Although 
adsorbent A responds in the same manner to both analytes x and y, adsorbent B interacts 
strongly with analyte y but barely with analyte x. Both adsorbents B and C strongly 
interact with analyte y and z, however adsorbent A doesn’t respond to analyte z. Finally, 
response of adsorbent A, B, and C to analyte x, y, and z can form patterns (Fig 4.2) and 
each pattern is unique for each analyte. 
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Figure 8.2: Response of adsorbents of A, B, and C to (a) analyte x, (b) analyte y, and (c) 
analyte z. 
 
The pattern recognition algorithms have become a critical component in the 
successful implementation of chemical sensor arrays and electronic noses. To meet this 
challenge, researchers have coupled arrays of partially selective sensors with pattern 
recognition algorithms to interpret the complex sensor signals and provide automated 
decision-making capabilities (i.e. presence, or absence, of the targeted analyte).[32, 47, 
49, 89, 124, 134, 135, 222, 229, 230, 238] 
 
8.3 Adsorbents for DMMP detection 
In order to perform DMMP detection, the surface of the PEMS has to be 
functionalized by an adsorption layer to selectively capture the target gas molecules. Self-
108 
 
assembled monolayers (SAM),[228, 242, 245] and silicon oxide[246]are widely used as 
the adsorption layer. 
It was found that Cu2+ and some of its chelates are hydrolysis catalysts for certain 
nerve agents[247] and a surface layer of coordinatively unsaturated Cu2+ can provide 
selective binding sites for organophosphonates by forming strong P=O:Cu2+ bond (see 
Fig 8.3)[228, 242, 245] and adsorption induced surface stress was observed during of 
DMMP molecules adsorption.[242] The Cu2+ ions can be immobilized on the gold or 
copper surface by the following procedure:[228] Dipping in 2 mM 11-
Mercaptoundecanoic Acid (MUA)/EtOH for 2 hours and then rinsing by distilled water. 
Afterward, the sensor was dipped in 2 mM Cu(ClO4)2 solution for 10 minutes followed 
by rinsing to achieve Cu2+ ions immobilization on the sensor surface (shown in Fig 8.3).  
A DMMP molecule binds to the Si–OH groups on the SiO2 surface through two 
or three hydrogen bonds (see Fig 8.4). In this study, two kinds of silica are used for 
comparison: sol-gel derived microporous silica powder[124, 248] and self-assembled 3-
mercaptopropyltrimethoxysilane (MPS).[249-251] The microporous silica powder can be 
deposited on the sensor surface by dropping sol-gel derived powder suspension onto the 
PEMS surface and for better coating uniformity, a deposited suspension was allowed to 
dry on the cantilever tip before the next droplet was deposited. The self-assembled MPS 
coating was achieved following the procedure in literature[91, 249-251] by dipping the 
gold or copper surface intoto 40 mM MPS ethanol solution for 3 hours. After rinsing with 
distilled water, the cantilever was dipped into 0.01 M NaOH solution for 2 hours for 
hydrolysis. Finally, as reported in the literature [91, 249, 250] MPS formed a  planar 
coating on the PEMS and the PEMS’ surface was turned into silica as shown in Fig. 8.4.  
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Figure 8.3: A schematic of Cu2+ immobilized on SAM MUA on PEMS surface 
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Figure 8.4: A self assembled MPS on PEMS surface 
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8.4 Sensing mechanism in DMMP detection 
As discussed in Chapter 5, the flexural frequency shift during humidity detection 
is a result of Young’s modulus change. It’s of great interest to validate it in DMMP 
detection and MUA/Cu2+ immobilized PEMS was used as a model system. This section 
includes three parts: 1. Perform DMMP detection using flexural mode of a PEMS and 
calibrate the mass change using QCM; 2. Carry out DMMP detection using both flexural 
mode and width mode; 3. Verify the scaling in DMMP detection using PEMSs with 
various dimensions. 
8.4.1 Two-order-of-magnitude enhancement in DMMP detection 
Two PMN-PT/Cu PEMSs with similar dimensions and one 10 MHz QCM with 
one side Au and one side Cu surfaces were used in this study. PEMS A and QCM were 
coated with SAM MUA/Cu2+ as described in 8.3, and PEMS B was blank PEMS without 
coating as control.  The dimensions of the PEMSs are 22±1 μm thick PMN-PT, 5±0.5 μm 
thick Cu, 750±50 μm long, 800±50 μm wide. The resonance spectrum of PEMS A was 
shown in Fig 8.5. We can see the PEMS exhibits two strong peaks under 200 kHz and the 
Q factor of the peak is as high as 300 due to the excellent piezoelectric properties of the 
PMN-PT film. The dash lines in Fig 8.5 show the theoretically calculated [118, 123] 1st 
and 2nd flexural modes peak position and they agree with the measured peaks indicating 
they were flexural modes. The 2nd flexural modes are monitored for DMMP detection 
since it’s more sensitive than 1st mode [118, 123]. 
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Figure 8.5: The resonance spectrum of a 22μm PMN-PT/ 5 μm Cu PEMS with 750 μm in 
length and 800 μm in width. The dash lines are the theoretical [118, 123] flexural mode 
peak positions. 
 
PEMS A, B, and QCM were placed in a closed chamber where the temperature 
was held constant at 20.5±0.1oC. And the relative humidity (R.H.) in the chamber was 
maintained at 11.2±0.1 % using Drierite desiccant. 10 ml of liquid DMMP was injected 
into the chamber to simulate the sudden exposure to the vapor of a nerve agent during a 
terrorist attack in the civilian environment.[252] The resonance frequencies of the PEMSs 
and QCM were monitored using an impedance analyzer. The schematic of the 
experimental setup was shown in Fig 8.6. The results of DMMP detection are showed in 
Fig. 8.7 and the detections were repeatable as each curve was the average of 2-3 
independent measurements. After each measurement, the sensor was soaked in 50× 
diluted piranha solution for several minutes followed by rinsing with distilled water to 
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strip off the adsorbent [90, 91] and then the adsorbent was re-deposited or re-immobilized 
on the PEMS surface to perform detection again. 
 
Figure 8.6: Experimental setup of the DMMP detection 
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Figure 8.7: Frequency shifts due to DMMP adsorption versus time of MUA/Cu2+ coated 
PEMS (open circles), MUA/Cu2+ coated QCM (open diamonds), and PEMS control 
without coating. 
 
For the control (blank) PEMS, it didn’t show frequency shift after DMMP 
injection indicating the background frequency shift due to bare PEMS is negligible. Both 
MUA/Cu2+ coated PEMS and QCM responded to DMMP: MUA/Cu2+ coated PEMS 
showed -420±60 Hz frequency shift in 5 minutes and MUA/Cu2+ coated QCM dropped 
by -100±15 Hz and saturated in 10 minutes. Negligible frequency shift of the bare PEMS 
validated the frequency shifts of the MUA/Cu2+ coated PEMS and QCM were indeed due 
to the adsorption on MUA/Cu2+. 
The mass change on MUA/Cu2+ coated PEMS during the DMMP detection can be 
calibrated from QCM data. As shown in Fig.8.7, the frequency shift of the QCM in 
DMMP detection was -100±15 Hz. From the QCM measurement, the mass change per 
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unit area Γ on the immobilized MUA/Cu2+ surface due to the DMMP molecules 
adsorption could be deduced from the Sauerbrey equation.[213] 
Γ−=Δ ρG
f
f QQ
22
, (Eq. 8.1) 
where ΔfQ is the resonance frequency shift of QCM, G and ρ the shear modulus and the 
density of quartz, respectively, fQ the resonance frequency of the QCM. With fQ =10×106 
Hz, G = 2.947×1010 Pa, ρ = 2648 kg/m3 and a ΔfQ = -100±15 Hz, Eq. 5.1 gave Γ = 5×10-7 
g/cm2. The detection mass sensitivity of the planar MPS coated PEMS is  
f
A
f
m
Δ
Γ=Δ
Δ , (Eq. 8.2) 
where Δf and A are the resonance frequency shift and the area of detection.  Δf=-420±60 
Hz (see Fig 8.7) and the detection area, A = wL ≅ 0.6 mm2. Using Eq. 8.2, we obtained 
Δm/Δf ≅ −7±1 ×10-12 g/Hz which is more than two-order-of-magnitude higher than 
theoretical calculated value of 1.7±0.5 ×10-9 g/Hz  based on mass loading model. As 
discussed in Chapter 5, this enhancement would be a result of the Young’s modulus 
change in PEMS due to the adsorption induced surface stress as observed by other 
researchers.[242] 
 
8.4.2 Young’s modulus change in DMMP detection 
To confirm the Young’s modulus change during DMMP detection, as described in 
chapter 5, both flexural mode and width mode of a PEMS were used for DMMP 
detection. The dimensions of the PEMS used in this study are: 8±0.5 μm thick PMN-PT 
with 3±1 μm thick Cu, 700±50 μm long, and 780±20 μm wide. The PEMS was 
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immobilized with SAM MUA/Cu2+ following the procedure described previously. Then 
the PEMS was placed in a closed chamber where the temperature was held constant at 
20.5±0.1oC. And the relative humidity (R.H.) in the chamber was maintained at 
11.2±0.1 % using Drierite desiccant. 10 ml of liquid DMMP was injected into the 
chamber to simulate the sudden exposure to the vapor of a nerve agent during a terrorist 
attack in the civilian environment.[252] The resonance frequencies of the PEMS were 
monitored and the results were shown in Fig 8.8. 
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Figure 8.8: Width mode and flexural mode frequency shift of the SAM MUA/Cu2+ coated 
PEMS 
 
We can see both flexural and width mode frequency shifted during the DMMP 
detection. The width mode frequency shift indicated the Young’ modulus of the 
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piezoelectric layer indeed changed during DMMP detection. This Young’s modulus 
change in turn caused the flexural frequency shift. It’s interesting to note the relative 
flexural and width mode frequency shifts didn’t differ much. The reason is that 
quantitatively, based from Eqs. 3.5 and 3.8 (details were previously described in Chapter 
5), the Young’s modulus change would have the similar contribution to both flexural and 
width mode frequency shifts. And the experimental results in Fig. 8.8 agreed with this 
point of view. To further validate both the flexural and width mode frequency shifts are 
indeed due to Young’s modulus change, the deduced Young’s modulus changes of the 
PMN-PT layer from width mode and flexural mode were plotted in Fig. 8.9. The same 
Young’s modulus change deduced from the two different modes indicated the Young’s 
modulus of the PMN-PT layer indeed changed during detection. 
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Figure 8.9: Deduced Young’s modulus change from width mode and flexural mode of the 
SAM MUA/Cu2+ coated PEMS 
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8.4.3 Scaling analysis in DMMP detection 
As demonstrated in chapter 7, in humidity detection, the relative flexural 
frequency shift (Δf/f) scales with inverse Yt where Y is the average Young’s modulus and 
t is the total thickness of the PEMS. To further validate the model in DMMP detection, 
the flexural frequency shifts of the two PEMS with different thicknesses (shown in Figs 
8.7 and 8.8) multiplied by ( )8,8 aveave YtYt  were replot in Fig 8.10. where t is the total 
thickness, Yave is the average Young’s modulus of the PEMS, t8 and Yave,8 are the total 
thickness and average Young’s modulus of the PEMS with 8 μm thick PMN-PT layer. 
Two traced of data overlapped further validate the scaling theory in another independent 
detection system. 
As discussed in Chapter 7.4, the scaling can be further validated via width mode 
since 
tY
s
Y
Y
aveeff
eff ∝Δ . For the PEMSs with the same Yave and thickness t, the Young’s 
modulus change or width mode frequency shift is only related to the induced surface 
stress. Two PEMSs with same thickness but different widths immobilized with SAM 
MUA/Cu2+ were used for DMMP detection. The dimensions of the two PEMSs were 
8±0.5 μm thick PMN-PT, ~3 μm thick Cu, 850±100 μm, and 780 or 1600 μm wide. The 
result (see Fig 8.11) showed that the relative width mode shifts collapsed on a single 
curve indicating that the PEMSs experienced the same Young’s modulus change 
regardless of the their widths (therefore the width mode frequencies). This result further 
validated the scaling behavior 
tY
s
Y
Y
aveeff
eff ∝Δ  in DMMP detection. 
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Figure 8.10: Normalized relative flexural frequency shift ( )( )8,8 aveave YtYtffΔ  of the two 
SAM MUA/Cu2+ coated PEMS with different thicknesses during DMMP detection 
versus time.  
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Figure 8.11: Width mode frequency shifts of the 780 mm wide PEMS and 1600 mm wide 
PEMS during DMMP detection 
 
8.5 Comparison of microporous silica powder and planar silica 
Two PMN-PT/Cu PEMSs with similar dimensions were used in this study. PEMS 
A was coated with self-assembled MPS (planar silica), and PEMS B was deposited with 
microporous silica powder.  The dimensions of the PEMSs are 22±1 μm thick PMN-PT, 
5±0.5 μm thick Cu, 750±50 μm long, 800±50 μm wide.  
The planar silica (MPS) can be immobilized on PEMS surface following the 
protocol described previously. Microporous silica powder was deposited on the copper 
side of PEMS B by repeatedly depositing 0.3 μL of a 1 μg/μL silica powder suspension. 
Therefore, each deposition will add 0.3 μg silica powder to the sensor. For better coating 
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uniformity, the deposited suspension was allowed to dry on the PEMS before the next 
droplet was deposited. After each deposition, the resonance frequency of the 2nd mode 
was measured and the result of three depositions was shown in Fig. 8.12. The data in 
Fig.8.12 cannot be fitted by a linear behavior. It is possible that as the concentration of 
powders in the suspensions increased, the actual amount of powders deposited on 
cantilever surface became less, similar to the Langmuir isotherm, for example. As a result, 
less frequency shift was observed with more powder coating.  But for comparison 
purpose, we fitted the data to a straight line and obtained an experimental mass sensitivity 
(slope of the dash line in Fig 8.12) is 6±3×10-10 g/Hz which was similar to the calculated 
value (1.7×10-9 g/Hz) from mass loading model[118, 123].  
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Figure 8.12: Frequency shift of the 2nd mode versus loaded mass of the silica powder 
 
The two PEMSs were used for DMMP detection as described previously. The 
flexural resonance frequencies of the PEMSs were monitored using an impedance 
analyzer. The results of DMMP detection are showed in Fig. 8.13 and the detections were 
repeatable as each curve was the average of 2-3 independent measurements. After each 
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measurement, the sensor was soaked in 50× diluted piranha solution for several minutes 
followed by rinsing with distilled water to strip off the adsorbent [90, 91] and then the 
adsorbent was re-deposited or re-immobilized on the PEMS surface to perform detection 
again. 
Both PEMSs responded to DMMP: planar MPS coated PEMS showed -800±90 
Hz frequency shift in 10 minutes. The resonance frequency of PEMS B dropped by -45±8 
Hz and saturated in several minutes.  
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Figure 8.13: Frequency shifts due to DMMP adsorption versus time of plane MPS coated 
PEMS (open squares), silica powder coated PEMS (open diamonds), and plane MPS 
coated QCM. 
 
As estimated by PEMS frequency shift in our earlier work,[124] the saturated 
amount of adsorbed DMMP on the microporous silica surface was estimated to be 12 
ng/cm2. Given the specific surface area of the microporous silica powder is 800 
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m2/g,[124] the amount of the adsorbed DMMP on 0.9 μg microporous silica powder is 80 
ng. The flexural frequency shift of the PEMS was 45±8 Hz, therefore, the estimated mass 
sensitivity was 2±0.4 ×10-9 g/Hz which agreed with the theoretical value of 1.7×10-9 g/Hz. 
On the other hand, a DMMP molecule binds to the Si–OH groups on the SiO2 surface 
through two or three hydrogen bonds.[246] As modeled in our earlier study,[124] 
assuming that SiO4 tetrahedrons with a 1.62 Å Si–O bond length closely packed on the 
SiO2 surface by sharing corners and every surface Si had an OH group, the estimated Si–
OH density on the surface was about 8 Si–OH groups/nm2 and the estimated DMMP 
adsorption capacity on the 0.9 mg MIPS coating was about 380 ng, which was of the 
same order of magnitude as the estimate from the resonance frequency shift. Considering 
the simplicity of this estimate and that not all Si–OH groups participated in the DMMP 
binding, the agreement between the two estimates was quite good and indicated that the 
observed resonance frequency shifts was indeed due to mass change - binding of the 
DMMP on the microporous silica surface. 
The detection mass sensitivity of the planar silica coated PEMS can be calibrated 
from QCM measurement. A 10 MHz QCM with one side Au and the other Cu surface 
was used to carry out the same DMMP detection following the same planar MPS 
immobilization procedure. The frequency shift of the QCM in DMMP detection was 
shown in Fig. 8.13 (open circles). According to Eq. 8.1 and with fQ =10×106 Hz, G = 
2.947×1010 Pa, ρ = 2648 kg/m3 and ΔfQ = −325±45 Hz, we can obtain Γ = 1.3×10-6 g/cm2. 
According to Eq 8.2 and with  Δf = -800±90 Hz (see Fig 8.13) and the detection area, A = 
wL ≅ 0.6 mm2, we obtained Δm/Δf ≅ -9×10-12 g/Hz which is more than two-order-of-
magnitude higher than theoretical value of 2×10-9 g/Hz  based on mass loading model. 
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It’s interesting to note that frequency shift of microporous silica powder coated 
PEMS followed mass loading model during DMMP detection. There are two possible 
explanations: 1. During microporous silica powder loading, as shown in Fig 8. 12, the 
flexural mode frequency shift followed mass loading prediction indicating the deposition 
of the powders didn’t induce discernable stress on the PEMS or the interaction force 
between powders is negligible. Therefore, the powder loading only resulted in mass 
change on the PEMS. 2. During DMMP detection, although DMMP molecule adsorption 
in microporous silica powder induced surface stress, this stress was within the individual 
powder (illustrated in Fig. 8.14). Therefore, the PEMS underneath was not affected by 
the induced stress and only the mass of the adsorbed molecules contributed to the 
frequency shift.  
 
 
Figure 8.14: A schematic of the silica powders loaded on the PEMS 
 
As a summary, a continuous coating of adsorbent on PEMS is desired and in this 
scenario the adsorption induced surface stress would cause enhanced frequency shift. 
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Therefore, comparing to microporous silica powder deposition, planar MPS coating is 
preferred. 
 
8.6 DMMP detection using PEMS array 
An array of three PMN-PT/Cu PEMSs with similar dimensions was used for 
DMMP detection. PEMS-A was coated with planar MPS, PEMS-B was immobilized 
with SAM MUA/Cu2+, and PEMS-C was blank without coating as a control. The 
dimensions of the PEMSs are 22±1 μm thick PMN-PT, 5±0.5 μm thick Cu, 750±80 μm 
long, 800±50 μm wide. To validate the selectivity of the DMMP detection, other model 
gas species, i.e., acetone and ammonia will be examined as well. Acetone represents the 
organic solution that may be used in paint, deodorizer, or some of the cleaning detergents 
present in public area or building. Ammonia has long been a cleaning agent that is used 
around the home, as well as in restaurants and other public locations. [253] Therefore, it’s 
necessary to distinguish DMMP from those species. 
The detection setup and procedure were described in details in previous section. 
10 ml of ACS pure acetone liquid was injected for acetone detection, 10 ml of 5N 
ammonium hydroxide aqueous solution for ammonia detection, and 10 ml ACS pure 
DMMP liquid were used for detection, respectively. The results were shown in Fig. 8.15. 
The detections were repeatable as each curve was the average of at least 2 independent 
measurements and the standard deviation is less than 30%. After each measurement, the 
sensor was soaked in 50× diluted piranha solution for several minutes followed by rinsing 
with distilled water to strip off the adsorbent [90, 91] and then the adsorbent was re-
immobilized on the PEMS surface.  
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Figure 8.15: Array detection of (a) Acetone, (b) ammonia, and (c) DMMP 
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For the acetone detection, both PEMS-A and C showed slight upshift indicating 
planar silica and bare PEMS didn’t react to acetone much. The slight upshift could be a 
result of competition between acetone and water molecules[254] and  a portion of the 
originally absorbed wafer molecules on the PEMS surface may be replaced or taken away 
by acetone[254]. PEMS-B showed a significant upshift upon acetone injection and it was 
found [228] that some organic solvent can insert between the methylene chains of the 
MUA monolayer effectively stiffening the film resulting upshift of the resonance 
frequency. For the ammonia detection, PEMS B and C didn’t show discernable frequency 
shift, however, PEMS A showed about -1000 Hz frequency downshift in 10 minutes due 
to chemisorption of NH3 on silica.[255]  
Si Si
OH NH  2
+
Si Si 
O + =NH3 
 
For DMMP detection, PEMS A showed a -800±90frequency downshift in 10 
minutes and PEMS B showed a frequency downshift of -420±80 Hz and saturated in only 
5 minutes. The control PEMS C didn’t respond to DMMP vapor indicating the signals 
from PEMS A and B were indeed from the coated adsorbents. To better illustrate the 
array patterns for different gas species, the frequency shifts at 5th minute of the planar 
MPS coated, SAM MUA/Cu2+ coated, and blank PEMSs in response to acetone, 
ammonia, and DMMP were plotted in Fig 8.16. The result showed that the combination 
of the three different DMMP adsorption behaviors on planar MPS, MUA/Cu2+, and blank 
Au/Cu surfaces offers a unique pattern for DMMP recognition and the detection can be 
achieved in less than 5 minutes. 
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Figure 8.16: Array pattern of acetone, ammonia, and DMMP 
 
 
8.7 Chapter summary 
In summary, the two-order-of-magnitude enhanced flexural mode frequency shift 
during DMMP detection using SAM MUA/Cu2+ coated PEMS is a result of the Young’s 
modulus change as quantitatively confirmed by width mode frequency shift. The flexural 
frequency shift (Δf/f) in DMMP detection using SAM MUA/Cu2+ coated PEMSs is 
inversely proportional to Yt where Y is the average Young’s modulus and t is the total 
thickness of the PEMS. The width mode frequency shifts (Δf/f) is independent of the 
width of the PEMS but thickness. As a result, the Young’s modulus change and scaling 
behavior observed in humidity detection previously was validated in another independent 
system. 
The flexural frequency shift of the microporous silica powder coated PEMS 
followed mass loading model while the planar MPS coated PEMS showed two-order-of-
magnitude enhancement. Therefore, a continuous coating of adsorbent on PEMS is 
desirable and in this scenario the adsorption induced surface stress would cause enhanced 
frequency shift. 
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Array PMN-PT/Cu PEMSs coated with planar MPS, SAM MUA/Cu2+, and 
without coating as control can be used to selectively detect DMMP at room temperature. 
Liquid DMMP was sprayed into a closed test chamber to simulate a nerve gas spray in a 
closed space such as a building or a subway station during a terrorist attack. Other gas 
species such as acetone and ammonia were examined as well using the same array. The 
resonance frequency shifts of the array PEMSs exhibited a unique pattern in response to 
DMMP and the detection can be achieved in less than 5 minutes. 
129 
 
CHAPTER 9: CONCLUSIONS AND RECOMMENDED FUTURE WORK 
 
9.1 Summary and Conclusions 
The main results of this thesis can be summarized as below. 
• Both the width-mode and the flexural-mode resonance frequencies increased with a 
positive DC bias field and decreased with a negative DC bias field, indicating Young’s 
modulus change in the PMN-PT layer which was confirmed by the similar Young’s 
modulus change measured on a separate PMN-PT strip. The relative dielectric constant 
change observed in the PEMS and in the separate PMN-PT strip indicated that the 
Young’s modulus change in a DC bias field was consistent with the effect of non-180° 
domain switching. 
• The flexural resonance frequency shift of a PEMS during humidity detection was due to 
the Young’s modulus change of its piezoelectric layer as directly measured by width 
mode resonance frequency, which was 300 times larger than could be accounted for by 
the mass loading alone. Furthermore, because of the Young’s modulus change during 
detection, the use of Stoney’s equation would exaggerate the surface stress by two 
orders of magnitude.  
• The relative flexural resonance frequency shift of a PEMS in humidity detection with a 
DC bias electric field indicated that a negative DC field of -6 kV/cm enhanced the 
relative resonance frequency shift by more than 3 times of the detection without a DC 
bias and three orders of magnitude enhancement comparing to the mass loading model. 
• It was shown that during humidity detection, the frequency shift of the flexural mode, 
Δf, was inversely proportional to the square of the PEMS length, L2; relative resonance 
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frequency shift, Δf/f, was inversely proportional to the PEMS thickness, t; and the mass 
detection sensitivity, Δf/Δm, was inversely proportional to wL3 where w is the width. 
The detection resonance frequency shift by the Young’s modulus change in the 
piezoelectric layer is more than 300 times larger than would be expected by the mass 
change. The scaling was further validated via width mode measurement and in another 
independent system – DMMP detection. 
• The two-order-of-magnitude enhanced flexural mode frequency shift during DMMP 
detection using SAM MUA/Cu2+ coated PEMS was a result of Young’s modulus 
change as quantitatively confirmed by width mode frequency shift. The flexural 
frequency shift (Δf/f) in DMMP detection using SAM MUA/Cu2+ coated PEMSs is 
inversely proportional to Yt where Y is the average Young’s modulus and t is the total 
thickness of the PEMS. The width mode frequency shifts (Δf/f) is independent of the 
width of the PEMS but thickness. The phenomena of Young’s modulus change and 
scaling behavior in humidity detection were validated in another independent system. 
• The flexural frequency shift of the microporous silica powder coated PEMS followed 
mass loading model while the planar MPS coated PEMS showed two-order-of-
magnitude enhancement. Therefore, a continuous coating of adsorbent on PEMS is 
desirable and in this scenario the adsorption induced surface stress would cause 
enhanced frequency shift. 
• Array PMN-PT/Cu PEMSs coated with planar MPS, SAM MUA/Cu2+, and without 
coating as control can be used to selectively detection DMMP at room temperature. 
Liquid DMMP was sprayed into a closed test chamber to simulate a nerve gas spray in 
a closed space such as a building or a subway station during a terrorist attack. Other gas 
131 
 
species such as acetone and ammonia were examined as well using the same array. The 
resonance frequency shifts of the array PEMSs exhibited a unique pattern in response to 
DMMP and the detection can be achieved in less than 5 minutes. 
 
The conclusions of this thesis are: 
• DC bias field is found to change the Young’s modulus and dielectric constant of a 
piezoelectric strip, and subsequently change the resonance frequency of piezoelectric 
cantilevers.  The relative frequency shift can be as large as 2 % with an electric field of 
-6 kv/cm. 
• The phenomena observed in humidity detection were similar to that of the DC bias field 
leading to the study of the mechanism of the enhancement effect due to adsorption. The 
two-order-of-magnitude enhancement in resonance frequency shift in PMN-PT 
cantilever is consistent with the effect of adsorption induced surface stress.  
• Based on the understanding of the enhancement effect due to Young’s modulus change, 
we utilized DC bias field to enhance detection signals in humidity detection. Three-
order-of-magnitude enhancement was demonstrated. 
• A new scaling model based on stress effect was validated via two independent systems: 
humidity and DMMP detection.  
• Similar enhancement effects in humidity detection were demonstrated in another 
system DMMP detection using continuous, planar receptor. Particulate receptor does 
not show the enhancement. 
• Real time in situ DMMP detection against ammonia and acetone using array PMN-PT 
PEMSs is demonstrated in less than 5 minutes. 
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9.2 Recommended future work 
9.2.1 Miniaturization via laser dicing 
As discussed in Chap. 8, the mass sensitivity of a PEMS Δf/Δm is proportional to 
(L3w)-1 no matter it’s due to mass loading or stress induced Young’s modulus change. 
Therefore, microfabrication has been used to miniaturize the PEMS thereby improving 
the sensitivity.[95, 103-106, 117] However, microfabrication is tedious and time-
consuming. Preliminary study indicated that miniaturization of PMN-PT PEMS can be 
achieved by a simple and cost-effective laser cutting approach. Laser cutting is a 
technology that uses a laser to cut materials, and it works by directing the output of a high 
power laser, by computer, at the material to be cut (Fig. 9.1). The material then either 
melts, burns, vaporizes away, or is blown away by a jet of gas,[121] leaving an edge with 
a high quality surface finish.  
 
Figure 9.1: A schematic of laser dicing apparatus[256] 
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Figure 9.2 showed a 100 μm wide and 300 μm long PMN-PT PEMS fabricated 
by laser cutting (courtesy of Alinc Taiwan, Co., Ltd.). The mass sensitivity calibrated by 
QCM in humidity detection was 40 femtogram/Hz comparable or higher than those 
microfabricated PEMS. [92, 95, 103-105, 117] Therefore, further optimization of laser 
cutting is of great interest and can be a promising direction. 
 
Figure 9.2: A 100 μm wide and 300 μm long PEMS fabricated via laser cutting by Alinc 
Taiwan, Co., Ltd. 
 
9.2.2 In situ in liquid biological detection with a DC bias 
One of the advantages of the PEMS is its potential use in liquidenvironment. With 
a novel chemical insulation scheme, [90, 91] the PEMS was demonstrated to be a 
sensitive tool for real time in liquid biological detection.[90, 91, 109, 110] For instance, 
the preliminary Her2 (human epidermal growth factor receptor 2) detection (performed 
by Joseph Capobianco) using the width/length mode of the PMN-PT PEMS indicated the 
detection limit was as low as sub ng/ml which was better than the current clinical ELISA 
(Enzyme-Linked ImmunoSorbent Assay). As discussed in Chap. 6, the detection 
sensitivity can be further increased by 3 times via a DC bias field. Therefore, it’s of great 
100μm 
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interest to examine the potential of further improvement of in liquid detection with a DC 
bias. 
 
9.2.3 Direct measurement of adsorption induced strain 
Direct strain measurement of a PEMS during detection would be another 
interesting topic. Two techniques can be adopted to perform real time strain/stress 
measurement during detection: 1. In situ X-ray diffraction (XRD) which is a highly 
accurate technique to directly measure stress or strain in materials can be used to 
determine the lattice constant, phase therefore to deduce the strain/stress.[257] 2. AFM 
can be another candidate to calibrate the strain of a PEMS during detection. Both bending 
and lateral strain can be monitored by AFM tip and the accuracy can be sub nanometer. 
 
135 
 
List of references 
 
1. Brenner, K.P., et al., New medium for the simultaneous detection of total 
coliforms and Escherichia coli in water. Applied and Environmental 
Microbiology, 1993. 59(11): p. 3534-3544. 
2. Microbiological Methods/Online Publications.   [cited; Available 
from: http://www.epa.gov/nerlcwww/online.htm. 
3. Takeuchi, A. and K. Sode, A Salmonella Detection System Using an Engineered 
DNA Binding Protein That Specifically Captured a DNA Sequence. Analytical 
Chemistry, 2000. 72(13): p. 2809-2813. 
4. Liming, S.H. and A.A. Bhagwat, Application of a molecular beacon--real-time 
PCR technology to detect Salmonella species contaminating fruits and vegetables. 
International Journal of Food Microbiology, 2004. 95(2): p. 177-187. 
5. McBride, M.T., et al., Autonomous Detection of Aerosolized Bacillus anthracis 
and Yersinia pestis. Analytical Chemistry, 2003. 75(20): p. 5293-5299. 
6. A. Eyigor, K.T.C., C.B. Unal, Implementation of real-time PCR to tetrathionate 
broth enrichment step of Salmonella detection in poultry. Letters in Applied 
Microbiology, 2002. 34(1): p. 37-41. 
7. Walker, R.L., et al., Comparison of VIDAS enzyme-linked fluorescent 
immunoassay using Moore swab sampling and conventional culture method for 
Salmonella detection in bulk tank milk and in-line milk filters in California dairies. 
International Journal of Food Microbiology, 2001. 67(1-2): p. 123-129. 
8. Lee, H.A., et al., Enzyme-linked immunosorbent assay for Salmonella 
typhimurium in food: feasibility of 1-day Salmonella detection. Applied and 
Environmental Microbiology, 1990. 56(6): p. 1541-1546. 
9. Thiel, A.J., et al., In Situ Surface Plasmon Resonance Imaging Detection of DNA 
Hybridization to Oligonucleotide Arrays on Gold Surfaces. Analytical Chemistry, 
1997. 69(24): p. 4948-4956. 
10. Homola, J., S.S. Yee, and G. Gauglitz, Surface plasmon resonance sensors: 
review. Sensors and Actuators B: Chemical, 1999. 54(1-2): p. 3-15. 
11. Li, P.Y., et al., A new method for label-free imaging of biomolecular interactions. 
Sensors and Actuators B: Chemical, 2004. 99(1): p. 6-13. 
12. Cai, Q.-Y. and E.T. Zellers, Dual-Chemiresistor GC Detector Employing 
Monolayer-Protected Metal Nanocluster Interfaces. Analytical Chemistry, 2002. 
74(14): p. 3533-3539. 
136 
 
13. E. C. Walter, R.M.P., H. Liu, K. H. Ng, M. P. Zach, F. Favier,, Sensors from 
electrodeposited metal nanowires. Surface and Interface Analysis, 2002. 34(1): p. 
409-412. 
14. Sakai, G., et al., Gas sensing properties of tin oxide thin films fabricated from 
hydrothermally treated nanoparticles: Dependence of CO and H2 response on 
film thickness. Sensors and Actuators B: Chemical, 2001. 77(1-2): p. 116-121. 
15. Satyajit, S., et al., Transmission Electron Microscopy Sample Preparation of Tin 
Oxide Nanowire Sensor Using Focused Ion-Beam Milling Technique. Sensor 
Letters, 2003. 1: p. 75-78. 
16. Li, C., et al., In2O3 nanowires as chemical sensors. Applied Physics Letters, 2003. 
82(10): p. 1613-1615. 
17. Cavicchi, R.E., et al., Spin-on nanoparticle tin oxide for microhotplate gas 
sensors. Sensors and Actuators B: Chemical, 2001. 77(1-2): p. 145-154. 
18. Snow, E.S., et al., Chemical Detection with a Single-Walled Carbon Nanotube 
Capacitor. Science, 2005. 307(5717): p. 1942-1945. 
19. Chen, R.J., et al., An Investigation of the Mechanisms of Electronic Sensing of 
Protein Adsorption on Carbon Nanotube Devices. Journal of the American 
Chemical Society, 2004. 126(5): p. 1563-1568. 
20. Davis, C.E., et al., Enhanced detection of m-xylene using a preconcentrator with a 
chemiresistor sensor. Sensors and Actuators B: Chemical, 2005. 104(2): p. 207-
216. 
21. Matthews, B., et al., Effects of electrode configuration on polymer carbon-black 
composite chemical vapor sensor performance. Sensors Journal, IEEE, 2002. 2(3): 
p. 160-168. 
22. Luigi Mondello, P.Q.T., Paola Dugo, Giovanni Dugo,, Comprehensive two-
dimensional gas chromatography-mass spectrometry: A review. Mass 
Spectrometry Reviews, 2008. 27(2): p. 101-124. 
23. Bangalore, A.S., et al., Effect of Spectral Resolution on Pattern Recognition 
Analysis Using Passive Fourier Transform Infrared Sensor Data. Appl. 
Spectrosc., 1999. 53(11): p. 1382-1391. 
24. Nelli Taranenko, J.-P.A.D.L.S.T.V.-D., Surface-Enhanced Raman Detection of 
Nerve Agent Simulant (DMMP and DIMP) Vapor on Electrochemically Prepared 
Silver Oxide Substrates. Journal of Raman Spectroscopy, 1996. 27(5): p. 379-384. 
25. Wu, Z.-Y., et al., Quartz-Crystal Microbalance Immunosensor for Schistsoma-
Japonicum-Infected Rabbit Serum. Analytical Sciences, 2003. 19(3): p. 437-440. 
137 
 
26. Buttry, D.A. and M.D. Ward, Measurement of interfacial processes at electrode 
surfaces with the electrochemical quartz crystal microbalance. Chemical Reviews, 
1992. 92(6): p. 1355-1379. 
27. Wong, Y.Y., et al., Immunosensor for the differentiation and detection of 
Salmonella species based on a quartz crystal microbalance. Biosensors and 
Bioelectronics, 2002. 17(8): p. 676-684. 
28. Ho, C. and R. Hughes, In-Situ Chemiresistor Sensor Package for Real-Time 
Detection of Volatile Organic Compounds in Soil and Groundwater. Sensors, 
2002. 2(1): p. 23-34. 
29. Yang, K.-L., K. Cadwell, and N.L. Abbott, Use of self-assembled monolayers, 
metal ions and smectic liquid crystals to detect organophosphonates. Sensors and 
Actuators B: Chemical, 2005. 104(1): p. 50-56. 
30. Caliendo, C., E. Verona, and V.I. Anisimkin, Surface acoustic wave humidity 
sensors: a comparison between different types of sensitive membrane. Smart 
Materials and Structures, 1997. 6(6): p. 707-715. 
31. Arntz, Y., et al., Label-free protein assay based on a nanomechanical cantilever 
array. Nanotechnology, 2003. 14(1): p. 86-90. 
32. Baller, M.K., et al., A cantilever array-based artificial nose. Ultramicroscopy, 
2000. 82(1-4): p. 1-9. 
33. Barnes, J.R., et al., Photothermal spectroscopy with femtojoule sensitivity using a 
micromechanical device. Nature, 1994. 372(6501): p. 79-81. 
34. Bashir, R., et al., Micromechanical cantilever as an ultrasensitive pH microsensor. 
Applied Physics Letters, 2002. 81(16): p. 3091-3093. 
35. Boisen, A., et al., Environmental sensors based on micromachined cantilevers 
with integrated read-out. Ultramicroscopy, 2000. 82(1-4): p. 11-16. 
36. Carrascosa, L.G., et al., Nanomechanical biosensors: a new sensing tool. TrAC 
Trends in Analytical Chemistry, 2006. 25(3): p. 196-206. 
37. Cherian, S. and T. Thundat, Determination of adsorption-induced variation in the 
spring constant of a microcantilever. Applied Physics Letters, 2002. 80(12): p. 
2219-2221. 
38. Dhayal, B., et al., Detection of Bacillus subtilis Spores Using Peptide-
Functionalized Cantilever Arrays. Journal of the American Chemical Society, 
2006. 128(11): p. 3716-3721. 
138 
 
39. Drelich, J., C.L. White, and Z.H. Xu, Laboratory tests on mercury emission 
monitoring with resonating gold-coated silicon cantilevers. Environmental 
Science & Technology, 2008. 42(6): p. 2072-2078. 
40. Fagan, B.C., et al., Modification of micro-cantilever sensors with sol-gels to 
enhance performance and immobilize chemically selective phases. Talanta, 2000. 
53(3): p. 599-608. 
41. Gupta, A., D. Akin, and R. Bashir, Single virus particle mass detection using 
microresonators with nanoscale thickness. Applied Physics Letters, 2004. 84(11): 
p. 1976-1978. 
42. Hansen, K.M., et al., Cantilever-Based Optical Deflection Assay for 
Discrimination of DNA Single-Nucleotide Mismatches. Analytical Chemistry, 
2001. 73(7): p. 1567-1571. 
43. Ilic, B., et al., Attogram detection using nanoelectromechanical oscillators. 
Journal of Applied Physics, 2004. 95(7): p. 3694-3703. 
44. Ilic, B., et al., Mechanical resonant immunospecific biological detector. Applied 
Physics Letters, 2000. 77(3): p. 450-452. 
45. Ilic, B., et al., Single cell detection with micromechanical oscillators. Journal of 
Vacuum Science and Technology B, 2001. 19(6): p. 2825-2828. 
46. Ilic, B., et al., Enumeration of DNA Molecules Bound to a Nanomechanical 
Oscillator. Nano Letters, 2005. 5(5): p. 925-929. 
47. Kim, B.H., et al., Multicomponent analysis and prediction with a cantilever array 
based gas sensor. Sensors and Actuators B: Chemical, 2001. 78(1-3): p. 12-18. 
48. Lam, Y., et al., Using microcantilever deflection to detect HIV-1 envelope 
glycoprotein gp120. Nanomedicine: Nanotechnology, Biology and Medicine, 
2006. 2(4): p. 222-229. 
49. Lang, H.P., et al., An artificial nose based on a micromechanical cantilever array. 
Analytica Chimica Acta, 1999. 393(1-3): p. 59-65. 
50. Lang, H.P., et al., Sequential position readout from arrays of micromechanical 
cantilever sensors. Applied Physics Letters, 1998. 72(3): p. 383-385. 
51. Lochon, F., et al., Silicon made resonant microcantilever: Dependence of the 
chemical sensing performances on the sensitive coating thickness. Materials 
Science and Engineering: C, 2006. 26(2-3): p. 348-353. 
52. Moulin, A.M., S.J. O'Shea, and M.E. Welland, Microcantilever-based biosensors. 
Ultramicroscopy, 2000. 82(1-4): p. 23-31. 
139 
 
53. Mukhopadhyay, R., et al., Cantilever Sensor for Nanomechanical Detection of 
Specific Protein Conformations. Nano Letters, 2005. 5(12): p. 2385-2388. 
54. Pinnaduwage, L.A., et al., Use of Microcantilevers for the Monitoring of 
Molecular Binding to Self-Assembled Monolayers. Langmuir, 2003. 19(19): p. 
7841-7844. 
55. Su, M., S. Li, and V.P. Dravid, Microcantilever resonance-based DNA detection 
with nanoparticle probes. Applied Physics Letters, 2003. 82(20): p. 3562-3564. 
56. Thundat, T., et al., Vapor Detection Using Resonating Microcantilevers. 
Analytical Chemistry, 1995. 67(3): p. 519-521. 
57. Thundat, T., et al., Detection of mercury vapor using resonating microcantilevers. 
Applied Physics Letters, 1995. 66(13): p. 1695-1697. 
58. Wang, C.Y., et al., Ultrasensitive biochemical sensors based on microcantilevers 
of atomic force microscope. Analytical Biochemistry, 2007. 363(1): p. 1-11. 
59. Yang, Y., H.F. Ji, and T. Thundat, Nerve Agents Detection Using a Cu2+/L-
Cysteine Bilayer-Coated Microcantilever. Journal of the American Chemical 
Society, 2003. 125(5): p. 1124-1125. 
60. Yang, Y.T., et al., Zeptogram-Scale Nanomechanical Mass Sensing. Nano Letters, 
2006. 6(4): p. 583-586. 
61. Zhang, Y., et al., Detection of CrO42- Using a Hydrogel Swelling 
Microcantilever Sensor. Analytical Chemistry, 2003. 75(18): p. 4773-4777. 
62. Abedinov, N., et al., Micromachined piezoresistive cantilever array with 
integrated resistive microheater for calorimetry and mass detection. Journal of 
Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 2001. 19(6): p. 
2884-2888. 
63. B.L. Weeks, J.C., A. Noy, A.E. Miller, L. Stanker and J.J. De Yoreo, A 
Microcantilever-Based Pathogen Detector. Scanning, 2003. 25(6): p. 297-299. 
64. Chui, B.W., et al., Low-stiffness silicon cantilevers for thermal writing and 
piezoresistive readback with the atomic force microscope. Applied Physics 
Letters, 1996. 69(18): p. 2767-2769. 
65. Hayato Sone, A.I., Takashi Izumi, Haruki Okano and Sumio Hosaka, Femtogram 
Mass Biosensor Using Self-Sensing Cantilever for Allergy Check. Jpn. J. Appl. 
Phys., 2006. 45: p. 2301-2304. 
66. Hayato Sone, H.O.a.S.H., Picogram Mass Sensor Using Piezoresistive Cantilever 
for Biosensor. Jpn. J. Appl. Phys., 2004. 43: p. 4663-4666. 
140 
 
67. Hyun, S.-J., et al., Mechanical detection of liposomes using piezoresistive 
cantilever. Sensors and Actuators B: Chemical, 2006. 117(2): p. 415-419. 
68. Kyung Wook Wee, G.Y.K., Jaebum Park, Ji Yoon Kang, Dae Sung Yoon, Jung 
Ho Park and Tae Song Kim, Novel electrical detection of label-free disease 
marker proteins using piezoresistive self-sensing micro-cantilevers. Biosensors 
and Bioelectronics, 2005. 20(10): p. 1932-1938. 
69. Li, P., et al., Silicon dioxide microcantilever with piezoresistive element 
integrated for portable ultraresoluble gaseous detection. Applied Physics Letters, 
2006. 89(7): p. 074104-3. 
70. Linnemann, R., et al. Atomic force microscopy and lateral force microscopy using 
piezoresistive cantilevers. 1996: AVS. 
71. Pinnaduwage, L.A., et al., Explosives: A microsensor for trinitrotoluene vapour. 
Nature, 2003. 425(6957): p. 474-474. 
72. Polesel-Maris, J., et al., Piezoresistive cantilever array for life sciences 
applications. Journal of Physics: Conference Series, 2007. 61: p. 955-959. 
73. R. L. Gunter, W.G.D., K. Manygoats, A. Kooser and T. L. Porter, Viral detection 
using an embedded piezoresistive microcantilever sensor. Sensors and Actuators 
A: Physical, 2003. 107(3): p. 219-224. 
74. R. Linnemann, T.G., L. Hadjiiski and I. W. Rangelow, Characterization of a 
cantilever with an integrated deflection sensor. Thin Solid Films, 1995. 264(2): p. 
159-164. 
75. Roberto Raiteri, G.N., Hans-Ju¨rgen Butt, Wolfgang Knoll, Petr Skla´dal, Sensing 
of biological substances based on the bending of microfabricated cantilevers. 
Sensors and Actuators B: Chemical, 1999. 61(1-3): p. 213-217. 
76. Shekhawat, G., S.-H. Tark, and V.P. Dravid, MOSFET-Embedded 
Microcantilevers for Measuring Deflection in Biomolecular Sensors. Science, 
2006. 311(5767): p. 1592-1595. 
77. Tortonese, M., R.C. Barrett, and C.F. Quate, Atomic resolution with an atomic 
force microscope using piezoresistive detection. Applied Physics Letters, 1993. 
62(8): p. 834-836. 
78. Voiculescu, I., et al., Electrostatically actuated resonant microcantilever beam in 
CMOS technology for the detection of chemical weapons. Sensors Journal, IEEE, 
2005. 5(4): p. 641-647. 
79. Wee, K.W., et al., Novel electrical detection of label-free disease marker proteins 
using piezoresistive self-sensing micro-cantilevers. Biosensors and Bioelectronics, 
2005. 20(10): p. 1932-1938. 
141 
 
80. Yang, M., et al., High sensitivity piezoresistive cantilever design and optimization 
for analyte-receptor binding. Journal of Micromechanics and Microengineering, 
2003. 13(6): p. 864-872. 
81. Amírola, J., A. Rodiguez, and L. Castaner. Design fabrication and test of 
micromachined-silicon capacitive gas sensors with integrated readout. in Smart 
Sensors, Actuators, and MEMS. 2003. Maspalomas, Gran Canaria, Spain: SPIE. 
82. Blanc, N., et al., Scanning force microscopy in the dynamic mode using 
microfabricated capacitive sensors. Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films, 1996. 14(2): p. 901-905. 
83. Britton, C.L., et al., Multiple-input microcantilever sensors. Ultramicroscopy, 
2000. 82(1-4): p. 17-21. 
84. Dohn, S., O. Hansen, and A. Boisen, Measurement of the resonant frequency of 
nano-scale cantilevers by hard contact readout. Microelectron. Eng., 2008. 85(5-
6): p. 1390-1394. 
85. Forsen, E., et al., Ultrasensitive mass sensor fully integrated with complementary 
metal-oxide-semiconductor circuitry. Applied Physics Letters, 2005. 87(4): p. 
043507-3. 
86. Jorge Amírola, A.R., Luis Castañer, J.P. Santos, J. Gutiérrez and M.C. Horrillo, 
Micromachined silicon microcantilevers for gas sensing applications with 
capacitive read-out. Sensors and Actuators B: Chemical, 2005. 111-112: p. 247-
253. 
87. Neubauer, G., et al., Force microscopy with a bidirectional capacitance sensor. 
Review of Scientific Instruments, 1990. 61(9): p. 2296-2308. 
88. Verd, J., et al., Design, fabrication, and characterization of a 
submicroelectromechanical resonator with monolithically integrated CMOS 
readout circuit. Microelectromechanical Systems, Journal of, 2005. 14(3): p. 508-
519. 
89. Adams, J.D., et al., Nanowatt chemical vapor detection with a self-sensing, 
piezoelectric microcantilever array. Applied Physics Letters, 2003. 83(16): p. 
3428-3430. 
90. Capobianco, J.A., W.Y. Shih, and W.-H. Shih, Methyltrimethoxysilane-insulated 
piezoelectric microcantilevers for direct, all-electrical biodetection in buffered 
aqueous solutions. Review of Scientific Instruments, 2006. 77(12): p. 125105-6. 
91. Capobianco, J.A., W.Y. Shih, and W.-H. Shih, 3-mercaptopropyltrimethoxysilane 
as insulating coating and surface for protein immobilization for piezoelectric 
microcantilever sensors. Review of Scientific Instruments, 2007. 78(4): p. 
046106-3. 
142 
 
92. Chun, D.W., et al., Detection of the Au thin-layer in the Hz per picogram regime 
based on the microcantilevers. Sensors and Actuators A: Physical, 2007. 135(2): 
p. 857-862. 
93. Cleland, A.N., M. Pophristic, and I. Ferguson, Single-crystal aluminum nitride 
nanomechanical resonators. Applied Physics Letters, 2001. 79(13): p. 2070-2072. 
94. Hwang, K.S., et al., Dominant surface stress driven by biomolecular interactions 
in the dynamical response of nanomechanical microcantilevers. Applied Physics 
Letters, 2006. 89(17): p. 173905-3. 
95. Hwang, K.S., et al., In-situ quantitative analysis of a prostate-specific antigen 
(PSA) using a nanomechanical PZT cantilever. Lab on a Chip, 2004. 4(6): p. 547-
552. 
96. Hwang, K.S., et al., Nanomechanical microcantilever operated in vibration 
modes with use of RNA aptamer as receptor molecules for label-free detection of 
HCV helicase. Biosensors and Bioelectronics, 2007. 23(4): p. 459-465. 
97. Itoh, T. and T. Suga, Development of a force sensor for atomic force microscopy 
using piezoelectric thin films. Nanotechnology, 1993. 4(4): p. 218-224. 
98. Kang, G.Y., et al., Label-free protein assay with site-directly immobilized 
antibody using self-actuating PZT cantilever. Sensors and Actuators B: Chemical, 
2006. 117(2): p. 332-338. 
99. Kwon, H.-S., et al., Development of a peptide inhibitor-based cantilever sensor 
assay for cyclic adenosine monophosphate-dependent protein kinase. Analytica 
Chimica Acta, 2007. 585(2): p. 344-349. 
100. Kwon, T.Y., et al., In situ real-time monitoring of biomolecular interactions 
based on resonating microcantilevers immersed in a viscous fluid. Applied 
Physics Letters, 2007. 90(22): p. 223903-3. 
101. Ledermann, N., et al., Piezoelectric Pb(Zrx, Ti1-x)O3 thin film cantilever and 
bridge acoustic sensors for miniaturized photoacoustic gas detectors. Journal of 
Micromechanics and Microengineering, 2004. 14(12): p. 1650-1658. 
102. Lee, C., et al. Development of a piezoelectric self-excitation and self-detection 
mechanism in PZT microcantilevers for dynamic scanning force microscopy in 
liquid. in The fourth international conference on nanometer-scale science and 
technology. 1997. Beijing (China): AVS. 
103. Lee, J.H., et al., Immunoassay of prostate-specific antigen (PSA) using resonant 
frequency shift of piezoelectric nanomechanical microcantilever. Biosensors and 
Bioelectronics, 2005. 20(10): p. 2157-2162. 
143 
 
104. Lee, J.H., T.S. Kim, and K.H. Yoon, Effect of mass and stress on resonant 
frequency shift of functionalized Pb(Zr0.52Ti0.48)O3 thin film microcantilever for 
the detection of C-reactive protein. Applied Physics Letters, 2004. 84(16): p. 
3187-3189. 
105. Lee, J.H., et al., Label free novel electrical detection using micromachined PZT 
monolithic thin film cantilever for the detection of C-reactive protein. Biosensors 
and Bioelectronics, 2004. 20(2): p. 269-275. 
106. Lee, S.S.a.J., Fabrication and Sensing Behavior of Ultrasensitive Piezoelectric 
Microcantilever-Based Precision Mass Sensor. Journal of the Korean Physical 
Society, 2006. 49: p. S608-S611. 
107. Lee, Y., G. Lim, and W. Moon, A piezoelectric micro-cantilever bio-sensor using 
the mass-micro-balancing technique with self-excitation. Microsystem 
Technologies, 2007. 13(5): p. 563-567. 
108. Li, X., et al., Detection of water-ice transition using a lead zirconate 
titanate/brass transducer. Journal of Applied Physics, 2002. 92(1): p. 106-111. 
109. McGovern, J.-P., et al., Label-free flow-enhanced specific detection of Bacillus 
anthracis using a piezoelectric microcantilever sensor. The Analyst, 2008. 133(5): 
p. 649-654. 
110. McGovern, J.-P., W.Y. Shih, and W.-H. Shih, In situ detection of Bacillus 
anthracis spores using fully submersible, self-exciting, self-sensing PMN-PT/Sn 
piezoelectric microcantilevers. The Analyst, 2007. 132(8): p. 777-783. 
111. Mortet, V., et al., Wide range pressure sensor based on a piezoelectric bimorph 
microcantilever. Applied Physics Letters, 2006. 88(13): p. 133511-3. 
112. Ohigashi, H., Electromechanical properties of polarized polyvinylidene fluoride 
films as studied by the piezoelectric resonance method. Journal of Applied 
Physics, 1976. 47(3): p. 949-955. 
113. Pang, W., et al., Femtogram mass sensing platform based on lateral extensional 
mode piezoelectric resonator. Applied Physics Letters, 2006. 88(24): p. 243503-3. 
114. Park, J., et al., Resonance properties and mass sensitivity of monolithic 
microcantilever sensors actuated by piezoelectric PZT thick film. Journal of 
Electroceramics, 2006. 17(2): p. 565-572. 
115. Rogers, B., et al., Mercury vapor detection with a self-sensing, resonating 
piezoelectric cantilever. Review of Scientific Instruments, 2003. 74(11): p. 4899-
4901. 
116. Saravanan, S.a.B., Erwin and Krijnen, Gijs and Elwenspoek, Miko. Surface 
Micromachining Process for the Integration of AlN Piezoelectric Microstructures. 
144 
 
in SAFE 2004, 7th Annual Workshop on Semiconductor Advances for Future 
Electronics. 2004. Veldhoven, the Netherlands. 
117. Shen, Z., W.Y. Shih, and W.-H. Shih, Self-exciting, self-sensing 
PbZr0.53Ti0.47O3/SiO2 piezoelectric microcantilevers with femtogram/Hertz 
sensitivity. Applied Physics Letters, 2006. 89(2): p. 023506-3. 
118. Shen, Z., W.Y. Shih, and W.-H. Shih, Mass detection sensitivity of piezoelectric 
cantilevers with a nonpiezoelectric extension. Review of Scientific Instruments, 
2006. 77(6): p. 065101-10. 
119. Shih, W.Y., et al., Simultaneous liquid viscosity and density determination with 
piezoelectric unimorph cantilevers. Journal of Applied Physics, 2001. 89(2): p. 
1497-1505. 
120. Shih, W.Y., Q. Zhu, and W.-H. Shih, Length and thickness dependence of 
longitudinal flexural resonance frequency shifts of a piezoelectric microcantilever 
sensor due to Young's modulus change. Journal of Applied Physics, 2008. 104(7): 
p. 074503-5. 
121. Steen, W.M., Laser Material Processing. 2nd edition ed. 1998: Springer. 
122. Yi, J.W., et al., In situ cell detection using piezoelectric lead zirconate titanate-
stainless steel cantilevers. Journal of Applied Physics, 2003. 93(1): p. 619-625. 
123. Yi, J.W., W.Y. Shih, and W.-H. Shih, Effect of length, width, and mode on the 
mass detection sensitivity of piezoelectric unimorph cantilevers. Journal of 
Applied Physics, 2002. 91(3): p. 1680-1686. 
124. Zhao, Q., et al., Array adsorbent-coated lead zirconate titanate (PZT)/stainless 
steel cantilevers for dimethyl methylphosphonate (DMMP) detection. Sensors and 
Actuators B: Chemical, 2006. 117(1): p. 74-79. 
125. Zhou, J., et al., Self-excited piezoelectric microcantilever for gas detection. 
Microelectronic Engineering, 2003. 69(1): p. 37-46. 
126. Zhu, Q., W.Y. Shih, and W.-H. Shih, Real-time, label-free, all-electrical detection 
of Salmonella typhimurium using lead titanate zirconate/gold-coated glass 
cantilevers at any relative humidity. Sensors and Actuators B: Chemical, 2007. 
125(2): p. 379-388. 
127. Zhu, Q., W.Y. Shih, and W.-H. Shih, In situ, in-liquid, all-electrical detection of 
Salmonella typhimurium using lead titanate zirconate/gold-coated glass 
cantilevers at any dipping depth. Biosensors and Bioelectronics, 2007. 22(12): p. 
3132-3138. 
145 
 
128. Zhu, Q., W.Y. Shih, and W.-H. Shih, Mechanism of the flexural resonance 
frequency shift of a piezoelectric microcantilever sensor in a dc bias electric field. 
Applied Physics Letters, 2008. 92(3): p. 033503-3. 
129. Zhu, Q., W.Y. Shih, and W.-H. Shih, Mechanism of flexural resonance frequency 
shift of a piezoelectric microcantilever sensor during humidity detection. Applied 
Physics Letters, 2008. 92(18): p. 183505-3. 
130. Galipeau, D.W., et al., Surface acoustic wave microsensors and applications. 
Smart Materials and Structures, 1997. 6(6): p. 658-667. 
131. Thundat, T., et al., Thermal and ambient-induced deflections of scanning force 
microscope cantilevers. Applied Physics Letters, 1994. 64(21): p. 2894-2896. 
132. Yan, X., X.K. Xu, and H.F. Ji, Glucose Oxidase Multilayer Modified 
Microcantilevers for Glucose Measurement. Analytical Chemistry, 2005. 77(19): 
p. 6197-6204. 
133. Xu, X., et al., Detection of Hg2+ Using Microcantilever Sensors. Analytical 
Chemistry, 2002. 74(15): p. 3611-3615. 
134. Lim, S.-H.S., et al., Nano-chemo-mechanical sensor array platform for high-
throughput chemical analysis. Sensors and Actuators B: Chemical, 2006. 119(2): 
p. 466-474. 
135. Then, D., A. Vidic, and C. Ziegler, A highly sensitive self-oscillating cantilever 
array for the quantitative and qualitative analysis of organic vapor mixtures. 
Sensors and Actuators B: Chemical, 2006. 117(1): p. 1-9. 
136. Markidou, A., W.Y. Shih, and W.-H. Shih, Soft-materials elastic and shear 
moduli measurement using piezoelectric cantilevers. Review of Scientific 
Instruments, 2005. 76(6): p. 064302-7. 
137. Oden, P.I., et al., Viscous drag measurements utilizing microfabricated 
cantilevers. Applied Physics Letters, 1996. 68(26): p. 3814-3816. 
138. Berger, R., et al., Thermal analysis using a micromechanical calorimeter. Applied 
Physics Letters, 1996. 69(1): p. 40-42. 
139. Arakawa, E.T., et al., Detection and differentiation of biological species using 
microcalorimetric spectroscopy. Ultramicroscopy, 2003. 97(1-4): p. 459-465. 
140. Baselt, D.R., G.U. Lee, and R.J. Colton, Biosensor based on force microscope 
technology. Journal of Vacuum Science and Technology B, 1996. 14: p. 789-793. 
141. Calleja, M., et al., Highly sensitive polymer-based cantilever-sensors for DNA 
detection. Ultramicroscopy, 2005. 105(1-4): p. 215-222. 
146 
 
142. Fritz, J., et al., Translating Biomolecular Recognition into Nanomechanics. 
Science, 2000. 288(5464): p. 316-318. 
143. G. Wu, H.J., K. M. Hansen, T. Thundat, R. Datar, R. Cote, M. F. Hagan, A. 
Chakraborty, A. Majumdar, Origin of nanomechanical cantilever motion 
generated from biomolecular interactions. Proc. Natl. Acad. Sci. USA, 2001. 
98(4): p. 1555-1559. 
144. Gfeller, K.Y., N. Nugaeva, and M. Hegner, Rapid Biosensor for Detection of 
Antibiotic-Selective Growth of Escherichia coli. Applied and Environmental 
Microbiology, 2005. 71(5): p. 2626-2631. 
145. Lubarsky, G.V., M.R. Davidson, and R.H. Bradley, Hydration-dehydration of 
adsorbed protein films studied by AFM and QCM-D. Biosensors and 
Bioelectronics, 2007. 22(7): p. 1275-1281. 
146. Milburn, C., et al., Sensing Interactions Between Vimentin Antibodies and 
Antigens for Early Cancer Detection. Journal of Biomedical Nanotechnology, 
2005. 1: p. 30-38. 
147. Moulin, A.M., et al., Measuring Surface-Induced Conformational Changes in 
Proteins. Langmuir, 1999. 15(26): p. 8776-8779. 
148. N. Backmann, C.Z., F. Huber, A. Bietsch, A. Pluckthun, H.-P. Lang, H.-J. 
Guntherodt, M. Hegner, C. Gerber, A label-free immunosensor array using 
single-chain antibody fragments. Proc Natl Acad Sci U S A, 2005. 102(41): p. 
14587-14592. 
149. Savran, C.A., et al., Micromechanical Detection of Proteins Using Aptamer-
Based Receptor Molecules. Analytical Chemistry, 2004. 76(11): p. 3194-3198. 
150. Merhaut, J., Theory of Electroacoustics. 1981, McGraw-Hill: New York. p. 100. 
151. Ilic, B., Y. Yang, and H.G. Craighead, Virus detection using 
nanoelectromechanical devices. Applied Physics Letters, 2004. 85(13): p. 2604-
2606. 
152. Maute, M., et al., Detection of volatile organic compounds (VOCs) with polymer-
coated cantilevers. Sensors and Actuators B: Chemical, 1999. 58(1-3): p. 505-511. 
153. Chen, G.Y., et al., Adsorption-induced surface stress and its effects on resonance 
frequency of microcantilevers. Journal of Applied Physics, 1995. 77(8): p. 3618-
3622. 
154. Berger, R., et al., Surface Stress in the Self-Assembly of Alkanethiols on Gold. 
Science, 1997. 276(5321): p. 2021-2024. 
147 
 
155. Toda, M., et al., Surface Stress, Thickness, and Mass of the First Few Layers of 
Polyelectrolyte. Langmuir, 2008. 24(7): p. 3191-3198. 
156. Butt, H.-J., et al., Steric Forces Measured with the Atomic Force Microscope at 
Various Temperatures. Langmuir, 1999. 15(7): p. 2559-2565. 
157. Stoney, G.G., Proc. R. Soc. London Ser. A, 1909. 82: p. 172-177. 
158. Vashist, S.K., A Review of Microcantilevers for Sensing Applications. AZojono - 
Journal of Nanotechnology Online, 2007. 
159. Goeders, K.M., J.S. Colton, and L.A. Bottomley, Microcantilevers: Sensing 
Chemical Interactions via Mechanical Motion. Chemical Reviews, 2008. 108(2): 
p. 522-542. 
160. Johnson, M.L., et al., A wireless biosensor using microfabricated phage-
interfaced magnetoelastic particles. Sensors and Actuators A: Physical, 2008. 
144(1): p. 38-47. 
161. Li, S., et al., Biosensor based on magnetostrictive microcantilever. Applied 
Physics Letters, 2006. 88(7): p. 073507-3. 
162. Li, Z., S. Li, and Z.-Y. Cheng. Microbiosensor based on magnetostrictive 
microcantilever. in Smart Structures and Materials 2004: Smart Electronics, 
MEMS, BioMEMS, and Nanotechnology. 2004. San Diego, CA, USA: SPIE. 
163. Liling Fu, S.L., Kewei Zhang, I-Hsuan Chen, Valery. A. Petrenko, and 
Zhongyang Cheng, Magnetostrictive Microcantilever as an Advanced Transducer 
for Biosensors. Sensors, 2007. 7: p. 2929-2941. 
164. Polla, D.L. and L.F. Francis, PROCESSING AND CHARACTERIZATION OF 
PIEZOELECTRIC MATERIALS AND INTEGRATION INTO 
MICROELECTROMECHANICAL SYSTEMS. Annual Review of Materials 
Science, 1998. 28(1): p. 563-597. 
165. Dubois, M.-A. and P. Muralt, Properties of aluminum nitride thin films for 
piezoelectric transducers and microwave filter applications. Applied Physics 
Letters, 1999. 74(20): p. 3032-3034. 
166. Gualtieri, J.G., J.A. Kosinski, and A. Ballato, Piezoelectric materials for acoustic 
wave applications. Ultrasonics, Ferroelectrics and Frequency Control, IEEE 
Transactions on, 1994. 41(1): p. 53-59. 
167. Ledermann, N., et al., {1 0 0}-Textured, piezoelectric Pb(Zrx, Ti1-x)O3 thin films 
for MEMS: integration, deposition and properties. Sensors and Actuators A: 
Physical, 2003. 105(2): p. 162-170. 
148 
 
168. Cattan, E., et al., Piezoelectric properties of PZT films for microcantilever. 
Sensors and Actuators A: Physical, 1999. 74(1-3): p. 60-64. 
169. Frantti, J. and V. Lantto, Characterization of Pb0.97Nd0.02(Zr0.55Ti0.45)O3 thin films 
prepared by pulsed laser ablation. Journal of Applied Physics, 1994. 76(4): p. 
2139-2143. 
170. Horwitz, J.S., et al., In situ deposition of epitaxial PbZrxTi(1 - x)O3 thin films by 
pulsed laser deposition. Applied Physics Letters, 1991. 59(13): p. 1565-1567. 
171. Lee, J., A. Safari, and R.L. Pfeffer, Growth of epitaxial Pb(Zr,Ti)O3 films by 
pulsed laser deposition. Applied Physics Letters, 1992. 61(14): p. 1643-1645. 
172. Pandey, S.K., et al., Electrical properties of PZT thin films grown by sol-gel and 
PLD using a seed layer. Materials Science and Engineering B, 2004. 112(1): p. 
96-100. 
173. Kakimoto, K., et al., Stoichiometry and crystal orientation of YAG-PLD derived 
ferroelectric PZT thin film. Journal of the European Ceramic Society, 2004. 24(6): 
p. 993-997. 
174. Oikawa, M. and K. Toda, Preparation of Pb(Zr,Ti)O3 thin films by an electron 
beam evaporation technique. Applied Physics Letters, 1976. 29(8): p. 491-492. 
175. Krupanidhi, S.B., et al., rf planar magnetron sputtering and characterization of 
ferroelectric Pb(Zr,Ti)O3 films. Journal of Applied Physics, 1983. 54(11): p. 
6601-6609. 
176. Takayama, R. and Y. Tomita, Preparation of epitaxial Pb(ZrxTi1-x)O3 thin films 
and their crystallographic, pyroelectric, and ferroelectric properties. Journal of 
Applied Physics, 1989. 65(4): p. 1666-1670. 
177. Bruchhaus, R., et al., Deposition of self-polarized PZT films by planar multi-
target sputtering. Integrated Ferroelectrics, 1997. 14(1): p. 141-149. 
178. Itoh, H., et al. MOCVD for PZT thin films by using novel metalorganic sources. in 
Electron Devices Meeting, 1991. IEDM '91. Technical Digest., International. 
1991. 
179. Braun, W., et al., Epitaxial lead zirconate-titanate thin films on sapphire. Applied 
Physics Letters, 1993. 63(4): p. 467-469. 
180. Choi, J.-H. and H.-G. Kim, Deposition behavior of Pb(ZrxTi1-x)O3 thin films by 
metalorganic chemical vapor deposition. Journal of Applied Physics, 1993. 
74(10): p. 6413-6417. 
149 
 
181. Larsen, P.K., et al., Ferroelectric properties and fatigue of PbZr0.51Ti0.49O3 thin 
films of varying thickness: Blocking layer model. Journal of Applied Physics, 
1994. 76(4): p. 2405-2413. 
182. Peng, C.H. and S.B. Desu, Low-temperature metalorganic chemical vapor 
deposition of perovskite Pb(ZrxTi1 - x)O3 thin films. Applied Physics Letters, 1992. 
61(1): p. 16-18. 
183. Funakubo, H., et al., Effect of Solvent on MOCVD of Pb(Zr, Ti)O3 Films with 
Liquid-Delivery Source Supply Method. Journal of The Electrochemical Society, 
2004. 151(7): p. C463-C467. 
184. Dey, S.K., K.D. Budd, and D.A. Payne, Thin-film ferroelectrics of PZT of sol-gel 
processing. Ultrasonics, Ferroelectrics and Frequency Control, IEEE Transactions 
on, 1988. 35(1): p. 80-81. 
185. Tu, Y. and S. Milne, A study of the effects of process variables on the properties 
of PZT films produced by a single-layer sol-gel technique. Journal of Materials 
Science, 1995. 30(10): p. 2507-2516. 
186. Luginbuhl, P., et al., Piezoelectric cantilever beams actuated by PZT sol-gel thin 
film. Sensors and Actuators A: Physical, 1996. 54(1-3): p. 530-535. 
187. Barrow, D.A., et al., Characterization of thick lead zirconate titanate films 
fabricated using a new sol gel based process. Journal of Applied Physics, 1997. 
81(2): p. 876-881. 
188. Cheng, J. and Z. Meng, Thickness-dependent microstructures and electrical 
properties of PZT films derived from sol-gel process. Thin Solid Films, 2001. 
385(1-2): p. 5-10. 
189. Su-Ock Chung, J.W.K., Geun Hong Kim, Chong Ook Park and Won Jong Lee, 
Formation of a Lead Zirconate Titanate (PZT)/Pt Interfacial Layer and Structural 
Changes in the Pt/Ti/SiO 2/Si Substrate during the Deposition of PZT Thin Film 
by Electron Cyclotron Resonance Plasma-Enhanced Chemical Vapor Deposition. 
Japanese Journal of Applied Physics, 1997. 36: p. 4386-4391. 
190. Xu, F., F. Chu, and S. Trolier-McKinstry, Longitudinal piezoelectric coefficient 
measurement for bulk ceramics and thin films using pneumatic pressure rig. 
Journal of Applied Physics, 1999. 86(1): p. 588-594. 
191. Brunckov, H., et al., Influence of hydrolysis conditions of the acetate sol-gel 
process on the stoichiometry of PZT powders. Ceramics International, 2004. 30(3): 
p. 453-460. 
192. Luo, H.Y., Colloidal processing of PMN-PT thick films for piezoelectric sensor 
applications, in Department of Materials Science and Engineering. 2005, Drexel 
University: Philadelphia. 
150 
 
193. Shih, W.Y., et al., Sheet geometry enhanced giant piezoelectric coefficients. 
Applied Physics Letters, 2006. 89(24): p. 242913-3. 
194. Shen, Z., Synthesis, fabrication, and characterization of self-exciting, self-sensing 
PZT/SiO2 piezoelectric micro-cantilever sensors / by Zuyan Shen., in Department 
of Materials Science and Engineering. 2006, Drexel University: Philadelphia. 
195. Lagowski, J., H.C. Gatos, and J.E.S. Sproles, Surface stress and the normal mode 
of vibration of thin crystals :GaAs. Applied Physics Letters, 1975. 26(9): p. 493-
495. 
196. Andrew, W.M., et al., Influence of surface stress on the resonance behavior of 
microcantilevers. 2005, AIP. p. 053505. 
197. Koichi, K.H.Y. Surface stress of water adsorbed TiO2 surfaces. in Proceedings of 
SPIE, the International Society for Optical Engineering. 2006. 
198. Madou, M.J., Fundamentals of Microfabrication: The Science of Miniaturization, 
in Fundamentals of Microfabrication: The Science of Miniaturization. 2002, CRC 
Press. 
199. Sarin.   [cited; Available from: http://www.cfr.org/publication/9553/. 
200. Graven, W.M., S.W. Weller, and D.L. Peters, Catalytic Conversion of 
Organophosphate Vapor over Platinum-Alumina. Industrial & Engineering 
Chemistry Process Design and Development, 1966. 5(2): p. 183-189. 
201. Graham, A.K.A.K. and H.L. Pinkerton, eds. Electroplating engineering handbook. 
2nd ed. ed. 1962, Reinhold Pub. Corp.: New York. 
202. Schlesinger, M.P.a.M., ed. Fundamentals of Electrochemical Deposition. 1998, 
Wiley: New York. 
203. Paunovic, M.S.a.M., ed. Modern Electroplating. 4th ed. ed. 2000, Wiley: New 
York. 
204. IEEE Standard on Piezoelectricity, in ANSI/IEEE Standard 176-1987. 1988, 
Institute of Electrical and Electronic Engineers: New York. 
205. Su, W.-S., et al., Domain switching in lead magnesium niobate-lead titanate 
polycrystalline sheets at single grain level. Applied Physics Letters, 2007. 91(11): 
p. 112903-3. 
206. Shang, J.K. and X. Tan, Indentation-induced domain switching in 
Pb(Mg1/3Nb2/3)O3-PbTiO3 crystal. Acta Materialia, 2001. 49(15): p. 2993-2999. 
151 
 
207. Alguero, M., B. Jimenez, and L. Pardo, Rayleigh type behavior of the Young's 
modulus of unpoled ferroelectric ceramics and its dependence on temperature. 
Applied Physics Letters, 2003. 83(13): p. 2641-2643. 
208. Masys, A.J., et al., Piezoelectric strain in lead zirconate titante ceramics as a 
function of electric field, frequency, and dc bias. Journal of Applied Physics, 2003. 
94(2): p. 1155-1162. 
209. Haun, M.J., Thermodynamic theory of the lead zirconate-titanate solid solution 
system. 1988, The Pennsylvania State University. p. 158. 
210. Wan Y. Shih, W.-H.S., Ilhan A. Aksay,, Scaling Analysis for the Axial 
Displacement and Pressure of Flextensional Transducers. Journal of the 
American Ceramic Society, 1997. 80(5): p. 1073-1078. 
211. Xiaoping Li, W.Y.S.I.A.A.W.-H.S., Electromechanical Behavior of PZT-Brass 
Unimorphs. Journal of the American Ceramic Society, 1999. 82(7): p. 1733-1740. 
212. Xiaoping Li, J.S.V.D.L.M.I.A.A.W.Y.S.W.-H.S., Electromechanical Properties 
of a Ceramic d31 Gradient Flextensional Actuator. Journal of the American 
Ceramic Society, 2001. 84(5): p. 996-1003. 
213. Sauerbrey, G., The use of quartz oscillators for weighing thin layers and for 
microweighing. Phys. Verh., 1957. 8: p. 113. 
214. Stoney, G.G., The Tension of Metallic Films Deposited by Electrolysis. 
Proceedings of the Royal Society of London. Series A, Containing Papers of a 
Mathematical and Physical Character (1905-1934), 1909. 82(553): p. 172-175. 
215. Xu, F., et al., Domain wall motion and its contribution to the dielectric and 
piezoelectric properties of lead zirconate titanate films. Journal of Applied 
Physics, 2001. 89(2): p. 1336-1348. 
216. Liu, S.F., et al., The piezoelectric shear strain coefficient of <111>-oriented Pb 
(Zn1/3Nb2/3)O3-PbTiO3 piezocrystals. Applied Physics Letters, 2003. 83(14): p. 
2886-2888. 
217. Leissa, A.W., Vibration of Plates. 1993, The Acoustical Society of America. p. 79. 
218. Somani, S.M., Chemical Warfare Agents. 1992, London: Academic Press. 
219. Noort, D., H.P. Benschop, and R.M. Black, Biomonitoring of Exposure to 
Chemical Warfare Agents: A Review. Toxicology and Applied Pharmacology, 
2002. 184(2): p. 116-126. 
220. Sinha, A.E., et al., Valve-based comprehensive two-dimensional gas 
chromatography with time-of-flight mass spectrometric detection: instrumentation 
and figures-of-merit. Journal of Chromatography A, 2003. 1019(1-2): p. 79-87. 
152 
 
221. Bangalore, A.S., et al., Effect of Spectral Resolution on Pattern Recognition 
Analysis Using Passive Fourier Transform Infrared Sensor Data. Applied 
Spectroscopy, 1999. 53: p. 1382-1391. 
222. Hopkins, A.R. and N.S. Lewis, Detection and Classification Characteristics of 
Arrays of Carbon Black/Organic Polymer Composite Chemiresistive Vapor 
Detectors for the Nerve Agent Simulants Dimethylmethylphosphonate and 
Diisopropylmethylphosponate. Analytical Chemistry, 2001. 73(5): p. 884-892. 
223. Novak, J.P., et al., Nerve agent detection using networks of single-walled carbon 
nanotubes. Applied Physics Letters, 2003. 83(19): p. 4026-4028. 
224. Grate, J.W., et al., Role of selective sorption in chemiresistor sensors for 
organophosphorus detection. Analytical Chemistry, 1990. 62(18): p. 1927-1934. 
225. Tomita, Y. and G.G. Guilbault, Coating for a piezoelectric crystal sensitive to 
organophosphorus pesticides. Analytical Chemistry, 1980. 52(9): p. 1484-1489. 
226. Guilbault, G.G., et al., Piezoelectric crystal coating for detection of 
organophosphorus compounds. Analytical Chemistry, 1981. 53(13): p. 2057-2060. 
227. Guilbault, G.G., J. Kristoff, and D. Owens, Detection of organophosphorus 
compounds with a coated piezoelectric crystal. Analytical Chemistry, 1985. 57(8): 
p. 1754-1756. 
228. Kepley, L.J., R.M. Crooks, and A.J. Ricco, A selective SAW-based 
organophosphonate chemical sensor employing a self-assembled, composite 
monolayer: a new paradigm for sensor design. Analytical Chemistry, 1992. 
64(24): p. 3191-3193. 
229. Grate, J.W., Acoustic Wave Microsensor Arrays for Vapor Sensing. Chemical 
Reviews, 2000. 100(7): p. 2627-2648. 
230. Grate, J.W., et al., Hydrogen Bond Acidic Polymers for Surface Acoustic Wave 
Vapor Sensors and Arrays. Analytical Chemistry, 1999. 71(5): p. 1033-1040. 
231. Rebière, D., et al., Surface acoustic wave detection of organophosphorus 
compounds with fluoropolyol coatings. Sensors and Actuators B: Chemical, 1997. 
43(1-3): p. 34-39. 
232. Déjous, C., et al., A surface acoustic wave gas sensor: detection of 
organophosphorus compounds. Sensors and Actuators B: Chemical, 1995. 24(1-
3): p. 58-61. 
233. Zimmermann, C., et al., Detection of GB and DMMP vapors by Love wave 
acoustic sensors using strong acidic fluoride polymers. Sensors Journal, IEEE, 
2004. 4(4): p. 479-488. 
153 
 
234. Kim, C.S., R.J. Lad, and C.P. Tripp, Interaction of organophosphorous 
compounds with TiO2 and WO3 surfaces probed by vibrational spectroscopy. 
Sensors and Actuators B: Chemical, 2001. 76(1-3): p. 442-448. 
235. Zhou, Y., et al., Potentiometric Sensing of Chemical Warfare Agents: Surface 
Imprinted Polymer Integrated with an Indium Tin Oxide Electrode. Analytical 
Chemistry, 2004. 76(10): p. 2689-2693. 
236. Oh, S.W., et al., Sensing behaviour of semconducting metal oxides for the 
detection of organophosphorus compounds. Sensors and Actuators B: Chemical, 
1993. 13(1-3): p. 400-403. 
237. Tomchenko, A.A., G.P. Harmer, and B.T. Marquis, Detection of chemical 
warfare agents using nanostructured metal oxide sensors. Sensors and Actuators 
B: Chemical, 2005. 108(1-2): p. 41-55. 
238. Choi, N.-J., et al., Classification of chemical warfare agents using thick film gas 
sensor array. Sensors and Actuators B: Chemical, 2005. 108(1-2): p. 298-304. 
239. Li, G., L.W. Burggraf, and W.P. Baker, Photothermal spectroscopy using 
multilayer cantilever for chemical detection. Applied Physics Letters, 2000. 76(9): 
p. 1122-1124. 
240. Pinnaduwage, L.A., et al., Sensitive detection of plastic explosives with self-
assembled monolayer-coated microcantilevers. Applied Physics Letters, 2003. 
83(7): p. 1471-1473. 
241. Yu, C., et al., Integration of metal oxide nanobelts with microsystems for nerve 
agent detection. Applied Physics Letters, 2005. 86(6): p. 063101-3. 
242. Zuo, G., et al., Detection of trace organophosphorus vapor with a self-assembled 
bilayer functionalized SiO2 microcantilever piezoresistive sensor. Analytica 
Chimica Acta, 2006. 580(2): p. 123-127. 
243. Cram, D.J., Cavitands: Organic Hosts with Enforced Cavities. Science, 1983. 
219(4589): p. 1177-1183. 
244. A.Freeman, W., Structures of the p-xylylenediammonium chloride and calcium 
hydrogensulfate adducts of the cavitand 'cucurbituril', C36H36N24O12. Acta 
Crystallographica Section B, 1984. 40(4): p. 382-387. 
245. Crooks, R.M. and A.J. Ricco, New Organic Materials Suitable for Use in 
Chemical Sensor Arrays. Accounts of Chemical Research, 1998. 31(5): p. 219-
227. 
246. Kanan, S.M. and C.P. Tripp, An Infrared Study of Adsorbed Organophosphonates 
on Silica: A Prefiltering Strategy for the Detection of Nerve Agents on Metal 
Oxide Sensors. Langmuir, 2001. 17(7): p. 2213-2218. 
154 
 
247. Wagner-Jauregg, T., et al., Model Reactions of Phosphorus-containing Enzyme 
Inactivators. IV.1a The Catalytic Activity of Certain Metal Salts and Chelates in 
the Hydrolysis of Diisopropyl Fluorophosphate1b. Journal of the American 
Chemical Society, 1955. 77(4): p. 922-929. 
248. T. Patil, Q.Z., R. Mutharasan, W. Y. Shih and W.-H. Shih. Microporous Silica 
Modified with Alumina as CO2/N2 Separators. in Colloidal Ceramic Processing of 
Nano-, Micro-, and Macro-Particulate Systems : Proceedings of the symposium 
held at the 105th Annual Meeting of The American Ceramic Society. 2003. 
Nashville, Tennessee: Wiley. 
249. Blasini, D.R., et al., Self-assembly of (3-mercaptopropyl)trimethoxysilane on 
iodine coated gold electrodes. Journal of Electroanalytical Chemistry, 2003. 540: 
p. 45-52. 
250. Che, G. and C.R. Cabrera, Molecular recognition based on (3-mercaptopropyl) 
trimethoxysilane modified gold electrodes. Journal of Electroanalytical Chemistry, 
1996. 417(1-2): p. 155-161. 
251. Wang, J., P.V.A. Pamidi, and D.R. Zanette, Self-Assembled Silica Gel Networks. 
Journal of the American Chemical Society, 1998. 120(23): p. 5852-5853. 
252. Aum Shinrikyo (Japan, cultists, Aleph, Aum Supreme Truth).   [cited; Available 
from: http://www.terrorismanswers.com/groups/aumshinrikyo.html. 
253. Is Ammonia a Safe Cleaning Agent?   [cited; Available 
from: http://www.wisegeek.com/is-ammonia-a-safe-cleaning-agent.htm. 
html
254. Henderson, M.A., Acetone and Water on TiO2(110): Competition for Sites. 
Langmuir, 2005. 21(8): p. 3443-3450. 
255. Morrow, B.A. and I.A. Cody, Infrared studies of reactions on oxide surfaces. 6. 
Active sites on dehydroxylated silica for the chemisorption of ammonia and water. 
Journal of Physical Chemistry, 1976. 80(18): p. 1998-2004. 
256. Zero Width Laser Cutting Technology.   [cited; Available 
from: http://www.fonon.com/technology_zwct. . 
257. Namazu, T., et al. Direct measurement technique of strain in XRD tensile test for 
evaluating Poisson's ratio of micron-thick TiN films. in Micro Electro Mechanical 
Systems, 2004. 17th IEEE International Conference on. (MEMS). 2004. 
258. Sheinker, V.N. and M.B. Mitchell, Quantitative Study of the Decomposition of 
Dimethyl Methylphosphonate (DMMP) on Metal Oxides at Room Temperature 
and Above. Chemistry of Materials, 2002. 14(3): p. 1257-1268. 
155 
 
259. Langmuir, I., CHEMICAL REACTIONS AT VERY LOW PRESSURES. I. THE 
CLEAN-UP OF OXYGEN IN A TUNGSTEN LAMP. Journal of the American 
Chemical Society, 1913. 35(2): p. 105-127. 
260. Hermanson, G.T., Bioconjugate Techniques. 1996: Academic Press. 
261. Fung, Y.S. and Y.Y. Wong, Self-Assembled Monolayers as the Coating in a 
Quartz Piezoelectric Crystal Immunosensor To Detect Salmonella in Aqueous 
Solution. Analytical Chemistry, 2001. 73(21): p. 5302-5309. 
262. Pathirana, S.T., et al., Rapid and sensitive biosensor for Salmonella. Biosensors 
and Bioelectronics, 2000. 15(3-4): p. 135-141. 
263. Raptor Portable, Multianalyte Bioassay System.   [cited; Available 
from: http://www.resrchintl.com/raptor.html. 
 
 
156 
 
Appendix A: Array Adsorbent-Coated Lead Zirconate Titanate (PZT)/Stainless 
Steel Cantilevers for DMMP Detection[124] 
 
A.1 Introduction 
The purpose of this study is to demonstrate room-temperature detection of 
dimethyl methylphosphonate (DMMP) using array piezoelectric cantilevers coated with 
microporous silica (MIPS) and mesoporous alumina (MEPA). Recently reports[246, 258] 
showed that DMMP exhibited different adsorption behaviors on different metal oxide 
surfaces: non-destructive adsorption on SiO2 and destructive adsorption on Al2O3, 
indicating the potential of creating a selective DMMP detection pattern by combining 
detection signals from array cantilever sensors coated with different metal oxides. 
 
A.2 Experimental procedure 
The PEMS used consist of a piezoelectric layer, lead zirconate titanate (PZT) 
bonded to a nonpiezoelectric layer, stainless steel. The PZT layer (T105-H4E-602, Piezo 
System Inc., Cambridge, MA) 0.7 mm long, 1.8 mm wide, and 0.127 mm thick was 
bonded to a 0.05 mm thick stainless steel layer (Alfa Aesar, Ward Hill, MA) using a 
conductive epoxy (GC Electronics, Rockford, IL). The stainless steel layer was extended 
at the free end (see Fig. A-1) to form a 1.9 mm long stainless steel tip which was cleaned 
with acetone and subsequently coated with sol-gel derived MIPS or MEPA. The MIPS 
and the MEPA used have a specific surface area of ~800 and ~380 m2/g and an average 
pore size of 10 and 61 Å, respectively [248]. The coating was achieved by repeatedly 
depositing 1 μl of a 3 mg/ml metal oxide powder suspension. For better coating 
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uniformity, a deposited suspension was allowed to dry on the cantilever tip before the 
next droplet was deposited.  
 
Figure A-1: An optical micrograph of the PZT/Stainless steel PEMS 
 
PEMSs were placed in a closed chamber where the temperature was held constant 
at 22.2±0.3 oC. The relative humidity (R.H.) in the chamber was maintained at 
11.2±0.1 % using Drierite desiccant (W.A. Hammond Drierite, Xenia, Ohio). 10 ml of 
liquid DMMP (Alfa Aesar, Ward Hill, MA) was sprayed into the chamber to simulate the 
sudden exposure to the vapor of a nerve agent during a terrorist attack in the civilian 
environment.[252] The resonance frequency of the cantilever was monitored using an 
impedance analyzer (Agilent 4294A, Agilent, Palo Alto, CA) at an interval of 10 s. For 
array sensing, the impedance analyzer was connected to a switch box (Agilent 3499A, 
Agilent, Palo Alto, CA) which swapped among the sensors. 
 
A.3 Results and discussions 
Figure A-2 showed the resonance frequency shift versus time for array 
PZT/stainless steel cantilevers when 10 ml of DMMP was sprayed in a 1.5 L test 
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chamber where open squares, open circles and open triangles denote the uncoated, the 
19.2-μg-MIPS-coated, and the 19.2-μg-MEPA-coated PZT/stainless steel cantilevers. 
The uncoated PZT/stainless steel cantilever exhibited no significant resonance frequency 
shift at and after the DMMP spray while both MIPS- and MEPA-coated cantilever 
sensors showed a resonance frequency decrease as DMMP evaporated in the chamber but 
with a different rate. The MIPS-coated cantilever exhibited a sharp decrease which 
saturated within minute or two in response to the DMMP exposure. In contrast, the 
MEPA-coated cantilever exhibited a sluggish resonance frequency decrease which did 
not saturate one hour after the DMMP exposure. A possible explanation for the sluggish 
DMMP detection curve of the MEPA-coated cantilever is that alumina is a destructive 
adsorbent for DMMP.[258] When DMMP molecules adsorb on alumina, they decompose. 
Since the average pores of MEPA were in the order of nm, DMMP is expected to diffuse 
and adsorb on the interior pores resulting in slower adsorption kinetics. Furthermore, the 
adsorption of DMMP may reduce the size of the pore entrance or might even plug some 
of the pores limiting more DMMP molecules from adsorbing on the interior pores. When 
the initially adsorbed DMMP molecules decomposed, however, the initially reduced or 
plugged pore entrances became open for more DMMP molecules to enter and adsorb. 
This may explain why the adsorption process and therefore the detection of DMMP on 
MEPA was sluggish. In contrast, the adsorption of DMMP on MIPS saturated rapidly. 
The reason is that silica is a nondestructive adsorbent for DMMP. Once DMMP 
molecules adsorbed on MIPS, they did not decompose. In addition MIPS has a smaller 
pore size which is close to the size of DMMP preventing the diffusion and access to the 
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interior pores, which may explain the rapid resonance frequency shift with the MIPS 
coated cantilever. 
 
Figure A-2: Resonance frequency shift versus time of array PZT/stainless steel 
cantilevers: uncoated (open squares), 19.2 μg-MIPS-coated (open circles) and 19.2 μg-
MEPA-coated (open diamonds) when 10 ml of DMMP was sprayed into the chamber. 
 
 
A.4 Conclusion 
In summary, array PZT/stainless steel cantilever sensors coated with different 
metal-oxide adsorbents at the cantilever tip can be used to detect DMMP at room 
temperature was demonstrated. The cantilever sensors consisted of a PZT layer bonded to 
a longer stainless steel layer with the stainless steel tip either uncoated, coated with MIPS 
or coated with MEPA at the free end. Liquid DMMP was sprayed into a closed test 
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chamber to simulate a nerve gas spray in a closed space such as a building or a subway 
station during a terrorist attack. The resonance frequency shifts of the array cantilevers 
exhibited a unique pattern in response to the buildup of the DMMP vapor pressure inside 
the test chamber. The MIPS-coated cantilever sensor exhibited a sharp resonance 
frequency decrease which saturated within a minute or two. The MEPA-coated cantilever 
exhibited a sluggish resonance frequency decrease which did not saturate after an hour. 
The resonance frequency of the uncoated PZT/stainless cantilever remained unchanged. 
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Appendix B: Real-Time, Label-Free, All-Electrical Detection of Salmonella 
typhimurium Using Lead Zirconate Titanate/Gold-Coated Glass Cantilevers at any 
Relative Humidity[126] 
 
B.1 Introduction 
In this study all-electrical in-situ Salmonella t. detection using a PZT/gold-coated 
glass cantilever with a nonpiezoelectric gold-coated glass tip dipped in a phosphate buffer 
saline (PBS) solution to cantilever’s nodal point without humidity control and without 
insulating the PZT layer was examined. The study consists of two parts. The first part is 
to investigate how evaporation at different humidity levels affects the cantilever 
resonance frequency at various dipping depths in PBS to empirically identify the nodal 
point, which will also be confirmed by theoretical calculations. The second part of the 
study is to dip the nonpiezoelectric tip to the nodal point and carry out real-time, in-liquid 
Salmonella t. detection in PBS without insulation and without controlling the humidity. 
For all three humidity levels (20%, 50%, and 90%) investigated, the resonance frequency 
shifts upwards as a result of water evaporation and the rate of the second-mode resonance 
frequency up-shift exhibits a minimum around the nodal point of the second-mode 
vibration wave function. With the cantilever dipped to the nodal point (around 0.8 mm 
from the free end), a minimum of one-hour window of less than 2 Hz/min resonance 
frequency up-shift could be achieved at any relative humidity ≥ 20%. This background 
resonance frequency up-shift by evaporation is different from binding of Salmonella cells 
to the antibody-immobilized sensor surface which produces a down-shift in the resonance 
frequency due to the compressive stress in the adsorbed layer (or tensile stress in the 
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cantilever) and the mass increase. By monitoring the sign of the frequency shift and using 
the nodal-point approach, the present PZT/gold-coated glass cantilever exhibited a 
concentration limit of 5×103 cells/ml in 2 ml of liquid for Salmonella t. detection. 
 
B.2 Experimental Procedure 
 
Figure B-1: (a) An optical micrograph and (b) a schematic of a PZT/gold-coated glass 
cantilever. 
 
Two PZT/gold-coated glass cantilevers of similar dimensions were constructed by 
bonding a 127 μm thick PZT layer (T105-H4E-602, Piezo System Inc., Cambridge, MA) 
to a 150 μm thick gold-coated glass layer (Fisher Scientific, Pittsburgh, PA) using a 
nonconductive epoxy (Loctite, Rocky Hill, CT). The 150 nm thick gold layer was coated 
with 10 nm thick chromium as the bonding layer between the glass substrate and the gold 
layer. Both chromium and gold were deposited by e-beam evaporation (E-gun: 3kW, 
vacuum 2×10-6 torr) at the Microfabrication Laboratory of University of Pennsylvania. 
The gold-coated glass layer was extended at the free end to form a 3 mm long tip which 
was subsequently immobilized with antibodies for cells detection. Cantilever A had a 
PZT section 0.8 mm long, 2.0 mm wide and a 3.0 mm long gold-coated glass tip. 
Cantilever B had a PZT section 0.7 mm long, 2.2 mm wide and a 2.7 mm long gold-
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coated glass tip. Cantilever A was used for all the experiments shown in Figs. B-1 to 9 
and B-11 and cantilever B for the results shown in Fig. B-10. 
Figure B-1(a) showed an optical micrograph of a typical PZT/gold-coated 
cantilever and Fig. B-1(b) a schematic of the PZT/gold-coated cantilever structure. Figure 
B-2(a) shows an in-air phase-angle-versus-frequency resonance spectrum of a PZT/gold-
coated glass cantilever (dashed line). The spectrum shows that below 100 kHz, the 
cantilever exhibited two resonance peaks, the first peak at 24.8 kHz and the second peak 
at 76.7 kHz, both with quality factor, Q = 45 where Q is defined as the ratio of the 
resonance frequency over the peak width at half the peak height. Also shown in Fig. 2(a) 
are the calculated resonance frequencies obtained as vertical lines.[118] As can be seen, 
both peak positions agreed with the theoretical calculation. Furthermore, the second-
mode wave form exhibited a nodal point near the free end. As can be seen from Fig. B-
2(b) where the theoretical first and second resonance wave forms calculated[118] are 
shown together with a schematic of the side view of the cantilever. The theoretical nodal 
point was at x = 0.8 mm where x was measured from the free end of the tip.  
 
Figure B-2: (a) Phase angle versus frequency resonance spectra in air (dashed line) and in 
water with a dipping depth of 0.8 mm (solid line) and (b) a schematic of the first- and 
second-mode flexural vibration wave form of the PZT/gold-coated glass cantilever. 
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The chemical used were glycine (Fisher Scientific, Fair Lawn, NJ), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (Sigma, St. Louis, 
MO), N-Hydroxysuccinimide (NHS) (Aldrich, Milwaukee, WI), HCl (Fisher Scientific, 
Pittsburg, PA), and 3-mercaptopropionic acid (MPA) (Aldrich, Milwaukee, WI). The 
heat-killed Salmonella t. cells and the affinity purified antibody to salmonella common 
structural antigens were purchased from Kirkegaard & Perry Laboratories, Inc. 
Gaithersburg, MD. After each detection, the cantilever was dipping in a mixed solution of 
glycine and HCl at pH = 2.2 for 30 min to release the cells. After the release in the 
glycine/HCl solution, the antibody-immobilized cantilever sensor was reused for 
detection. With this glycine/HCl release procedure, each cantilever sensor was reused for 
more than 20 detections.  The scanning electron microscopy (SEM) micrographs of the 
cells detected at the gold-coated cantilever tip were obtained using FEI/Phillips XL30 
(FEI Company, Hillsboro, Oregon). The detection was carried out by monitoring the 
resonance frequency of the cantilever using an impedance analyzer (Agilent 4294A, 
Agilent, Palo Alto, CA). The mass detection sensitivity of the gold-coated glass 
cantilever sensors was calibrated with a 5 MHz AT-cut quartz crystal microbalance 
(QCM) (QCM100, Stanford Research Systems, Inc. Sunnyvale, CA). The resonance 
frequency of the QCM was also monitored by the Agilent 4294A impedance analyzer. 
 
 
B.3 Results and Discussions 
B.3.1 Nodal Point location and rate of background resonance frequency shift 
characterization 
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In all detections, the lower portion of the Au-coated glass tip was dipped in the 
solution as schematically shown in Fig. B-3(a). The resonance spectrum of the cantilever 
with a partially dipped Au-coated glass tip (dipping depth 0.8 mm) is also shown in Fig. 
B-2(a) (solid line). As can be seen, the resonance frequencies of the cantilever decreased 
when its gold-coated glass tip was partially immersed in water. In Fig. B-3(b) showed the 
cantilever resonance frequency versus the dipping depth, x. As can be seen, the resonance 
frequency decreased with an increasing dipping depth, x. The decrease in the cantilever’s 
resonance frequency in PBS is mainly due to the mass of the surrounding liquid that 
moved in phase with the cantilever, which increased the effective mass of the 
cantilever.[122] However, the in-PBS resonance frequency peaks still retained the high Q 
values with Q = 30 for the first peak, and Q = 35 for the second peak in PBS.  
 
Figure B-3: (a) A schematic of the PZT/gold-coated glass cantilever partially immersed 
in water with a dipping depth, x and (b) resonance frequency versus dipping depth, x. 
 
Since the resonance frequency depended on the dipping depth and evaporation of 
water could decrease the cantilever dipping depth over time, background resonance 
frequency up-shift could arise from the evaporation of water during detection. The 
background resonance frequency up-shift due to evaporation was investigated at three 
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different relative humidity levels, 20%, 50%, and 90%. The 20% relative humidity was 
the typical ambient humidity level in the laboratory in the winter season. The 50% and 
90% relative humidity levels were achieved and maintained by blowing water vapor with 
a humidifier (model 701, Sunbeam Product, Inc. Boca Raton, FL) into a semi-closed 126-
liter glove box (model H500280000, Bel-Art Products, Pequannock, NJ).  The humidity 
and temperature were monitored using a humidity and temperature sensor (model 35519-
050, VWR International, West Chester, PA). The temperature of all three humidity levels 
was 21±0.5 ºC. The uncertainty of the relative humidity levels was ± 4% relative 
humidity for 20% and 50% relative humidity and ± 10% for 90% relative humidity as the 
humidity sensor could only measure the humidity accurately below 90% relative 
humidity. To determine the rate of water level change, a small container filled with less 
than 2 ml capacity with the phosphate buffer solution (PBS) (the medium of all 
detections) was placed in each relative humidity for 8-24 hr and the resultant water level 
change was measured. The obtained rates of water level change at 20% and 50% 
humidity were 0.3 and 0.16 mm/hr, respectively. For the 90% relative humidity it did not 
show a measurable water level change over a period of 24 hr partly due to the high 
humidity level and partly due to the uncertainty in humidity control from the limitation of 
the humidity sensor as mentioned above.  
To examine the effect of relative humidity on the cantilever’s background 
resonance frequency shift at each of the three humidity levels, the cantilever was dipped 
in the PBS at different dipping depths and cantilever’s second-mode resonance frequency 
was monitored for 30 min at each dipping level. It should be noted that because the 
dipping depth had a one-to-one correlation with the resonance frequency (see Fig. B-3 
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(b)) positioning the water level at a certain depth was simply done by adjusting the 
dipping depth until the right resonance frequency was obtained, which took less than 15 
sec. This was different from using distance as the criterion, which might be difficult many 
dipping depths were smaller than the meniscus of water.  Using a pre-determined 
resonance frequency as criterion, dipping the cantilever to a certain depth was 
straightforward, rapid (in less than 15 sec), and highly repeatable. Consequently, the 
resultant detection results were also highly repeatable and we have repeated this practice 
more than 40 times to obtain all the detection results in the paper. As will show below, 
resonance frequency shift of separate detections of the same detection conditions 
exhibited an error bar of less than 20%.  
To show the different rate of resonance frequency shift at different dipping depths, 
Figures B-4(a)-(e) showed the resonance frequency versus time at 20% relative humidity 
at x = 0.35, 0.6, 0.8, 1.1, and 1.6 mm, respectively. The initial resonance frequency was 
70, 68.2, 66.4, 59.8, and 51.3 kHz at x = 0.35, 0.6, 0.8, 1.1, and 1.6 mm, respectively. 
From Figs B-4(a)-(e), one can see that the minimal increase in resonance frequency with 
time occurred at x = 0.8 mm (Fig. B-4(c)) at a rate of about 2 Hz/min.  
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Figure B-4: Resonance frequency shift versus time of the gold-coated glass cantilever at 
various dipping depth, x in PBS at 20% relative humidity. Note that the resonance 
frequency shifts were positive. The rate of resonance frequency shift was represented by 
the slope of the curve, which exhibited a minimum at the nodal point, x = 0.8 mm. 
 
The rate of resonance frequency up-shift, Δf/Δt versus x at 20%, 50%, and 90% 
relative humidity are shown in Fig. B-5(a) with Δt = 30 min and Δf denoting the 
corresponding frequency shift. As can be seen, at 90% relative humidity, Δf/Δt was zero 
at most x except near the free end. At each x, Δf/Δt increased with a decreasing relative 
humidity, indicative that these resonance frequency shifts were related to water level 
changes due to evaporation. Furthermore, the curves for both 20% and 50% relative 
humidity exhibited a minimum  in Δf/Δt close to zero at x = 0.8 mm, the nodal point. For 
comparison, the theoretical second-mode −Δf/Δm(x) versus x using the theory[118] was 
calculated and plotted in Fig. B-5(b) where Δm(x) is the local mass change at x and Δf is 
the corresponding frequency shift. The theoretical −Δf/Δm(x) exhibited a minimum at the 
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nodal point, x = 0.8 mm and that for a given mass change, a much larger resonance 
frequency shift was obtained away from the nodal point. To further illustrate that the 
experimental curves of Δf/Δt shown in Fig. B-5(a) were indeed due to the combination of 
evaporation and the effect of the nodal point, we plot the ratio (Δf/Δt)/(−Δf/Δm(x)) versus 
x in Fig. B-5(c). Because Δf/Δm(x) was zero at the theoretical nodal point, x = 0.8 mm, 
any uncertainty in dipping depths and Δf/Δt measurements near or at the nodal point 
could cause huge errors in the (Δf/Δt)/(−Δf/Δm(x)). To avoid such error, in Fig. B-5(c), 
only data away from the nodal point were included such that the ratio 
(Δf/Δt)/(−Δf/Δm(x)) was meaningful.  Note that the ratio (Δf/Δt)/(−Δf/Δm(x)) had a unit 
of g/min and should be proportional to the evaporation rate, which according to the 
Langmuir’s Equation[259] should be proportional to (1-relative humidity) given that the 
temperature was constant.  As can be seen in Fig. B-5(c), (Δf/Δt)/(−Δf/Δm(x)) were by 
and large independent of x and fell into three separate horizontal lines as indicated by the 
dashed lines. From Fig. B-5(c), a ratio of the (Δf/Δt)/(−Δf/Δm(x)) at 20, 50 and 90% 
relative humidity can be roughly estimated as 9:4:1, which was within the experimental 
uncertainty of the ratio of (1-relative humidity), 8:5:1, validating that the background 
resonance frequency up-shift was indeed due to water evaporation and that at the nodal 
point, the rate of the background resonance frequency shift vanished. Furthermore, as can 
be seen from Fig. B-5(a), at 20% humidity, the rate of resonance frequency could remain 
at less than 2 Hz/min for about 1 hr. i.e., corresponding to a dipping depth window of 
about 0.3 mm. At 50% and 90% humidity, because the evaporation rate is much lower, 
the time interval and the dipping depth window at which minimal background resonance 
frequency shifts occurred were even larger.  
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Figure B-5: (a) Δf/Δt versus x at 20, 50, and 90% relative humidity, (b) −Δf/Δm(x) versus 
x, and (c) (Δf/Δt)/( −Δf/Δm(x)) versus x of the PZT/gold coated glass cantilever where 
Δf/Δt denotes the rate of resonance frequency change, −Δf/Δm(x)) the theoretical 
resonance frequency shift per local unit mass decrease at x calculated using the theory of 
Ref. 17. Note the ratio, (Δf/Δt)/( −Δf/Δm(x)) gave the evaporation rate which was 
proportional to (1-relative humidity). 
 
The above results indicated that with a controlled 90% relative humidity, virtually 
no background resonance frequency up-shift occurred at x ≥ 0.8 mm, which could permit 
detection without a background resonance frequency shift as demonstrated in Appendix C. 
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However, to do detection at 90% relative humidity requires a humidity controlled 
chamber. Without relative humidity control, as can be seen from the above result, there is 
a 1/2-hour window with less than 2 Hz/min background resonance frequency up-shift at 
20% relative humidity or higher. This indicates that with a dipping depth of 0.8 mm, there 
would be minimal background resonance frequency up-shift of less than 2 Hz/min for at 
least 1/2 hr at any humidity level higher than 20% relative humidity. All the following 
detection experiments were carried out with the water level placed at the nodal point 
without humidity control since most of the ambient relative humidity levels were larger 
or equal to 20%. To be conservative, no correction was performed due to the background 
up-shift. If corrections were done, the magnitudes of the negative frequency shifts due to 
detection should actually be larger than reported below. 
 
B.3.2 Antibody Immobilization and mass detection sensitivity calibration 
The gold-coated glass tip was first cleaned with a mixture of 1 part H2O2 and two 
parts 98% H2SO4 for 5 min and rinsed by distilled water. The cleaned gold-coated tip was 
then dipped in a 2-mM MPA solution for 3 hr to form a self-assembled monolayer. The 
MPA-coated tip was then soaked in a solution containing 5 mg/ml of EDC and 5 mg/ml 
of NHS for 30 min to activate the carboxyl group to form an amide. After rinsing with 
distilled water, the tip was dipped in a 400 nM antibody solution for 30 min to 
immobilize the antibody on the cantilever tip by the reaction of the amide with a primary 
amine of the antibody to result in a peptide bond. The above immobilization procedure 
was taken from references.[260, 261] In Figs. B-6 (a) and (b), the resonance frequency 
shift versus time for the first 30 min of NHS modification and antibody immobilization 
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were plotted. The two procedures were also carried out with a 5 MHz QCM with a gold 
electrode without flow. The resultant resonance frequency shifts versus time from the 
QCM were also plotted in Figs. B-6(a) and (b) (open squares). Figure E-6(a) shows that 
the NHS modification resulted in a down-shift of about -90 Hz in 30 min whereas the 
same procedure did not result in a discernable resonance frequency shift with QCM. In 
Fig. B-6 (b), the antibody immobilization at the cantilever tip resulted in a rapid down-
shift in the cantilever’s resonance frequency shift in the first 6-7 min and saturated at a 
−450 Hz down-shift after 30 min. The same procedure yielded a frequency down-shift of 
−45 Hz in 30 min with QCM. By simply comparing the resonance frequency shifts, the 
current PZT/gold-coated glass cantilever was about 10 times more sensitive than a 5 
MHz QCM.  
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Figure B-6: Resonance frequency shift versus time of the PZT/gold-coated glass 
cantilever (full circles) and 5 MHz QCM (open squares) during (a) NHS and EDC 
modification, and (b) Antibody immobilization. The EDC and NHS modification and the 
antibody immobilization yield −90 Hz and −450 Hz shift after 30 min. In comparison, the 
QCM yielded no significant resonance frequency shift during EDC and NHS 
modification and −45 Hz shift for antibody immobilization. 
 
From the above QCM measurement, the mass change per unit area Γ at the gold-
coated cantilever tip due to the antibodies immobilization can be deduced by the 
Sauerbrey equation[213] 
Γρ
−=Δ
G
f2
f
2
QCM
QCM , (Eq. B-1) 
where ΔfQCM is the resonance frequency shift of QCM, G and ρ the shear modulus and 
the density of quartz, respectively, fQCM the resonance frequency of the QCM. With fQCM 
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=5×106 Hz, G = 2.947×1010 Pa, ρ = 2648 kg/m3 and a ΔfQCM = −45 Hz, Eq. (B-1) gave Γ 
= 7.9×10-7 g/cm2. The mass detection sensitivity of the PZT/gold-coated glass cantilever, 
(Δm/Δf)cant was therefore  
cant
cant
cant f
A
f
m
Δ
Γ=⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ
Δ , (Eq. B-2) 
where Δfcant and Acant were the resonance frequency shift and the area of detection of the 
PZT/gold-coated glass cantilever.  The detection area, Acant= 2wx ≅ 3.2 mm2 where w the 
cantilever width, x the dipping depth, the numerical factor 2 taking into account that the 
cantilever tip was gold coated on both sides. With Δfcant = −450 Hz, (Δm/Δf)cant = −5 ×10-
11 g/Hz was obtained. In comparison, with ΔfQCM = −45 Hz and the detection area, AQCM 
= 1.3 cm2, the mass detection sensitivity of the 5 MHz QCM was (Δm/Δf)QCM = 
QCMQCM fA ΔΓ  = 2.3×10-8 g/Hz. Clearly, in terms of fm ΔΔ , the present PZT/gold-coated 
glass cantilever was more than three orders of magnitude more sensitive. A Salmonella t. 
cell is about 1-2 μm long and 0.5-1 μm wide with a mass about 1×10-12 g on average 
(SEM micrographs of Salmonella t. cells shown in Fig. B-7).  Therefore, in terms of 
Salmonella t. detection, only 50 cells were needed to cause a PZT/gold-coated glass 
cantilever to have 1 Hz frequency shift whereas more than 104 cells were needed to cause 
1 Hz frequency shift in a QCM.  
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Figure B.7: A SEM micrograph shows the close-up of Salmonella t. cells. 
 
B.3.3 Salmonella t. detection and mass detection sensitivity determination by cell 
counting 
The antibody-coated cantilevers were then used to detect Salmonella t. at various 
concentrations for up to 30 min. In Fig. B-8, we plot the resultant Δf versus time from the 
PZT/gold-coated cantilevers at various Salmonella t. concentrations. As can be seen Δf 
decreases sharply initially and reached a plateau after 10 min. The detections were 
repeatable as each curve was the average of 3-4 independent measurements. The standard 
deviations of Δf were about 10-20%. Table B-I lists the average values of Δf at t = 30 min 
for various Salmonella concentrations as obtained from the PZT/gold coated glass 
cantilever. As can be seen, at 5×103 cells/ml, the Δf obtained by the PZT/gold coated 
glass cantilevers at t = 30 min was −90 Hz well above the standard deviation 20 Hz and at 
1×103 cells/ml, the obtained Δf was no longer meaningful compared to the standard 
deviation. This puts the detection limit of the current PZT/gold-coated glass cantilever at 
about 5×103 cells/ml. Note that since we did not control the humidity during the detection, 
to be conservative, the background frequency up-shift was not considered. Since the 
possible background resonance frequency up-shift could be as higher as +2 Hz/min or 
1μm
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+60 Hz in 30 min, which had an opposite sign to the negative frequency shift due to 
detection. Therefore, if the background up-shift was taken into account, after correction, 
the magnitude of the negative frequency shift due to the detection could be even larger.  
 
Figure B-8: Resonance frequency shift versus time of the PZT/gold-coated glass 
cantilever in various Salmonella t. concentrations. 
 
Table B-1: Resonance frequency shift at 30 min obtained by PZT/gold-coated glass 
cantilever and 5 MHz QCM 
Concentration 
(cells/ml) 
−Δf (Hz) of 
cantilever 
−Δf (Hz) of 5 MHz 
QCM 
1×109 970 ± 110  75 ± 10 
1×107 590 ± 100  35 ± 10 
1×105 300 ± 90 20 ± 20 
1×104 160 ± 20  Not measurable 
5×103 90 ± 10  Not measurable 
 
 
To validate the results shown in Fig. B-8 and Table B-I, the PZT/gold-coated glass 
cantilever surface was examined by SEM after 30 min of detection. Figures B-9 (a)-(c) 
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showed the SEM micrographs of the captured Salmonella cells on the PZT/gold-coated 
glass cantilever surface at t = 30 min from 1×109, 1×107, and 1×105 cells/ml suspensions, 
respectively. With the mass of each cell being 1×10−12g and by counting the number of 
cells in the micrographs, mass sensitivity Δm/Δf was -4±3 × 10−11 g/Hz as estimated from 
the 1×109, 1×107, and 1×105 cells/ml suspensions was obtained, which was consistent 
with the value 5×10−11  g/Hz estimated from the antibody immobilization. The error bar 
reflected the fluctuation in the cellular distribution on the micrographs. 
10μm
 
Figure B-9: SEM micrographs the PZT/gold-coated cantilever surface after 30 min 
detection in a (a) 1×109, (b) 1×107, and (c) 1×105 cells/ml Salmonella t. suspensions. 
 
B.3.4. Comparison of Salmonella t. detection with and without humidity control  
To ensure the above detection scheme by placing the water level at the 
cantilever’s nodal point to afford detection without humidity control was indeed viable, 
the detection of Salmonella t. without humidity control with detection of Salmonella t. at 
the same concentrations but with humidity control at 90% relative humidity were 
compared using cantilever B. In the latter case, the water level of the cantilever was also 
at the nodal point. The only difference was that the relative humidity was held at 90% to 
ensure that there was no actual water level change during the course of detection and thus 
no background up shift. As an example, Fig. B-10 showed the resonance frequency shift 
10μm(b)(a) 10μm (c)
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versus time for Salmonella t. detection at 105 cells/ml (open and full circles) and at 107 
cells/ml (open and full squares) with and without humidity control with full symbols 
denoting 90% relative humidity and open symbols no control of humidity, respectively. 
As similar to all other results of this study, the data sets in Fig. B-10 were the average of 
three independent detection tests. As can be seen, the curves of Δf versus time for 
detection tests at 90% relative humidity (full symbols) were essentially the same as those 
obtained without humidity control (open symbols) at both 105 and 107 cells/ml, validating 
the current nodal point approach.  Note that the cantilever used was cantilever B which 
was different from cantilever A used for Fig. B-8. Because the two cantilevers had 
somewhat different detection sensitivities, they exhibited different kinetic responses 
(cantilever A had a somewhat slower initial resonance frequency decrease than cantilever 
B). When the detection was done with the same cantilever, the kinetic response at the 
same concentration was repeatable with no more than 20% standard deviation. 
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Figure B-10: Δf versus time of Salmonella t. detection with the water level placed at the 
nodal point with no humidity control (open circles and squares) and at 90% relative 
humidity (full circles and squares) at 105 cells/ml (circles) and at 107 cells/ml (squares). 
Each data set was the average of three independent detection tests. As can be seen, at the 
nodal point, the detection signal, Δf versus time was independent of the relative humidity 
level. 
 
B.3.4 Comparison with QCM: Salmonella t. detection  
 For comparison, similar salmonella detection experiments were also carried out 
with the 5 MHz QCM without flow. The resultant average Δf versus time is plotted in Fig. 
B-11. The values of the Δf obtained by the QCM at 30 min are also listed in Table B-I. As 
can be seen, the values of the Δf obtained from the 5 M Hz QCM were generally one 
order magnitude smaller than those obtained from the PZT/gold-coated glass cantilever 
and the standard deviations were about 20-30%, higher than those of Δf obtained by the 
PZT/gold-coated glass cantilevers. Moreover, at 1×105 cells/ml, the Δf obtained by the 
QCM was no longer meaningful when compared to the standard deviation and thus put 
the detection limit of the QCM at 1×105 cells/ml, which was about two orders of 
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magnitude less sensitive than the 5×103 cells/ml detection limit of the PZT/gold-coated 
glass cantilever.  
 
Figure B-11: Resonance frequency shift versus time of the 5 MHz QCM in various 
Salmonella t. concentrations. 
 
B.4 Conclusion  
In summary, the Δf at 30 min versus Salmonella t. concentration as obtained by 
the PZT/gold-coated glass cantilever (full circles) and the QCM (open triangles) was 
plotted in Fig. B-12. Also shown in Fig. B-12 were the infection dosage (open circle) and 
the detection limit of a commercial Raptor (open square) which also detects without 
labeling. The current 5×103 cells/ml detection limit was well below the infection dosage, 
1×105 cells/ml.[262] It was also lower than the 2×104 cells/ml detection limit of a 
commercial Raptor sensor.[263] 
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Figure B-12: Resonance frequency shift at 30 min versus Salmonella t. concentration of 
the PZT/gold-coated glass cantilever (full circles) and that of the QCM (open triangles). 
Also shown were the infection dosage (open circles) and the detection limit of a 
commercial Raptor (open squares). 
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Appendix C: In-Situ, In-Liquid, All-Electrical Detection of Salmonella typhimurium 
Using Lead Zirconate Titanate/Gold-Coated Glass Cantilevers at any Dipping 
Depth[127] 
 
C.1 Introduction 
As discussed in Appendix B, the cantilever could be placed at nodal point to 
reduce the effect of the background resonance frequency up-shift.[126] Alternatively, in 
this section, to further improve the detection sensitivity of a piezoelectric cantilever 
without electrical insulation of the PZT layer, all-electrical in-situ cell detection using a 
PZT/gold-coated glass cantilever with a non-piezoelectric gold-coated glass tip at high 
(90%) relative humidity was demonstrated. The 90% relative humidity was chosen 
because it was high enough to minimize the background up-shift but not too high to cause 
condensation which could potentially down-shift the resonance frequency and exaggerate 
the detection result. Although 90% relative humidity does not readily occur in most air-
conditioned interior environment, it can be easily implemented in a semi-closed chamber 
as we will show below. Furthermore, the background resonance frequency up-shift 
diminished at 90% relative humidity at any dipping depth, eliminating the need for 
adjustable corrections and making the detections more reliable. 
 
C.2 Experimental Procedure 
The fabrication and resonance characteristics of the PZT/gold-coated glass 
cantilever, antibody immobilization, and cells detection were described in details in 
Appendix B. Similarly, the mass detection sensitivity of the gold-coated glass cantilever 
sensors was calibrated with a 5 MHz AT-cut quartz crystal microbalance (QCM) 
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(QCM100, Stanford Research Systems, Inc. Sunnyvale, CA). 90% relative humidity was 
achieved and maintained by blowing water vapor with a humidifier (model 701, Sunbeam 
Product, Inc. Boca Raton, FL) into an open 126-liter glove box (model H500280000, Bel-
Art Products, Pequannock, NJ).  The humidity and temperature were monitored using a 
humidity and temperature sensor (model 35519-050, VWR International, West Chester, 
PA). The temperature of the chamber was 21±0.2 ºC. The uncertainty of the relative 
humidity was about ± 10% at 90% relative humidity as the humidity sensor could only 
measure the humidity accurately below 90% relative humidity. 
 
C.3 Results and discussions 
C.3.1 Background frequency shift at 90% relative humidity 
To determine the rate of water level change, a small container filled of less than 2 
ml capacity with the PBS was placed at 90% relative humidity for 24 hr. At the end of the 
24 hr, there was no measurable water level change partly due to the high humidity level 
and partly due to the uncertainty in humidity control from the limitation of the humidity 
sensor as mentioned above. To measure the cantilever’s background resonance frequency 
shift at 90% relative humidity, the cantilever was dipped in the PBS at different dipping 
depths, x and the cantilever’s second-mode resonance frequency was monitored for 30 
min at each dipping level. A schematic of the dipping configuration is shown in the inset 
of Fig. C-1. The rate of resonance frequency up-shift, Δf/Δt versus dipping depth x at 
90% relative humidity is shown in Fig. C-1 with Δt = 30 min and Δf denoting the 
corresponding frequency shift. As can be seen, at 90% relative humidity, Δf/Δt decreased 
with an increasing dipping depth and became negligible for all x ≥ 0.8 mm. The above 
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results indicated that with a controlled 90% relative humidity, there was virtually no 
background resonance frequency up-shift at x ≥ 0.8 mm and the background resonance 
frequency was stable with fluctuations no larger than 10 Hz. 
 
Figure C-1: Rate of resonance frequency shift, Δf/Δt versus dipping depth, x, at 90% 
relative humidity. The insert is a schematic of the PZT/gold-coated glass cantilever 
partially immersed in PBS with a dipping depth, x. Note that for x larger than 0.8 mm, 
Δf/Δt was essentially negligible and the background resonance frequency was stable with 
a fluctuation no more than 10 Hz. 
 
C.3.2 Antibody immobilization 
In Figs. C-2 (a) and (b), the resonance frequency shift versus time for the first 30 
min of NHS modification and antibody immobilization was plot. The open circles and the 
full squares denote a 1-mm and a 1.5-mm dipping depth, respectively. To estimate the 
sensitivity of the cantilever, the same procedures were also carried out on a gold electrode 
of a 5 MHz QCM to measure the mass increase due to the binding of adsorbed mass. The 
resonance frequency of the QCM was also measured using the Agilent 4294A impedance 
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analyzer. The resultant resonance frequency shifts versus time from the QCM were also 
plotted in Figs. C-2 (a) and (b) (open triangles). Figure C-2 (a) shows that 30 min of NHS 
modification resulted in a down-shift of 170 and 240 Hz in the cantilever’s 2nd-mode 
resonance frequency at a 1-mm and a 1.5-mm dipping depth, respectively while 30 min 
of the same procedure did not yield a discernable resonance frequency shift in the QCM. 
Figure C-2 (b) showed that 30 min of antibody immobilization at the cantilever tip 
resulted in a 680 Hz and a 900 Hz down-shift at a 1-mm and a 1.5-mm dipping depth, 
respectively while 30 min of the same procedure yielded a frequency down-shift of 45 Hz 
in the QCM. From the QCM measurement, according to Eqs. B-1 and B-2 and the 
detection area, A = 2wx ≅ 5±1 and 7±1 mm2 for a 1-mm and a 1.5-mm dipping depth, 
respectively where w was the cantilever width, x the dipping depth, and the numerical 
factor 2 took into account the fact that the cantilever tip was gold-coated on both sides. 
And with Δf = −680 and −900 Hz at a 1-mm and a 1.5-mm dipping depth, respectively, 
Δm/Δf ≅ −5±1×10-11 g/Hz for both the 1-mm and 1.5-mm dipping depths was obtained. 
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Figure C-2: Resonance frequency shift versus time during (a) EDC/NHS modification 
and (b) antibody immobilization. The open circles (full squares) denote the results of 
cantilever at a 1-mm (1.5-mm) dipping depth. The open triangles denote results of the 5 
MHz QCM. 
 
C.3.3 Salmonella t. detection 
The antibody-coated cantilever was then used to detect Salmonella t. at various 
concentrations with a volume of 2 ml for up to 30 min. Figures C-3 (a)-(c) showed the 
resultant Δf versus time from the PZT/gold-coated cantilever at various Salmonella t. 
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concentrations with a 1-mm and a 1.5-mm dipping depth, respectively. Full squares, open 
circles, full diamonds, open up triangles, full up triangles, and open down triangles 
denoted 1×107, 1×105, 1×103, 500, 250, and 0 (background) cells/ml, respectively. The 
detections were repeatable as each curve was the average of 3-4 independent 
measurements. As shown in Figs. C-3 (a)-(c), with a 1-mm dipping depth, Δf was −1000 
± 180, −600 ± 100, and −90 ± 30 Hz at 1×107, 1×105, and 1×103 cells/ml, respectively. 
With a 1.5-mm dipping depth, Δf was −1400 ± 200, −900 ± 100, −130 ± 40 and −50 ± 30 
Hz at 1×107, 1×105, 1×103 and 500 cells/ml, respectively. Clearly, at a 1-mm dipping 
depth, the lowest detectable concentration was 1000 cells/ml with a Δf = −90 ± 30 Hz at t 
= 30 min. At a 1.5-mm dipping depth, the lowest detectable concentration was further 
lowered to 500 cells/ml with a Δf = −50 ± 30 Hz at t = 30 min. Note that the values of the 
Δf obtained under these conditions, −90 ± 30 Hz at a 1-mm dipping depth and −50 ± 30 
Hz at a 1.5-mm dipping depth, were well above the standard deviations at these 
concentrations. In addition, they were also well above the 20 Hz standard deviations at 
500 cells/ml at a 1-mm dipping depth and at 250 cells/ml at a 1.5-mm dipping depth 
where there was no discernable resonance frequency shift. These results put the detection 
limit of the current PZT/gold-coated glass cantilever at 1×103 and 500 cells/ml for a 1-
mm and a 1.5-mm dipping depth, respectively.  
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Figure C-3: Resonance frequency shift versus time of Salmonella t. detection with (a) 1-
mm, (b) and (c) 1.5-mm dipping depth. The full squares, open circles, full diamonds, 
open up triangles, full up triangles, and open down triangles denote 1×107, 1×105, 1×103, 
500, 250 cells/ml, and the background respectively.  
 
To validate the results shown in Figs. C-3 (a)-(c), the PZT/gold-coated glass 
cantilever surface was examined by scanning electron microscopy (SEM) after 30 min of 
detection. Figures C-4 (a)-(c) show the SEM micrographs of the captured Salmonella 
cells on the PZT/gold-coated glass cantilever surface at t = 30 min from 1×107, 1×105, 
189 
 
and 1×103 cells/ml suspensions, respectively. Note that Fig. C-4 (c) does not represent the 
typical coverage in a 1×103 cells/ml suspension. Because of the low concentration, the 
coverage on the sensor surface was not uniform. Figure C-4 (c) merely served to show 
that there was cell binding at this concentration. Counting the cells present in the small 
area represented by Fig. C-4 (c) alone would greatly exaggerate the coverage at that 
concentration.  
 
Figure C-4: SEM micrographs the PZT/gold-coated cantilever surface after 30 min 
detection in a (a) 1×107, (b) 1×105, and (c) 1×103 cells/ml Salmonella t. suspension. 
 
The cell counting methods were reliable for detection at higher concentrations 
such as 107 and 105 cells/ml as more cells were present on a given surface area and within 
a micrograph the distributions of the cells were also more uniform. Therefore, cell 
counting was only performed on the micrographs obtained at 107 and 105 cells/ml such as 
those shown in Figs. C-4 (a) and (b) for coverage determination. Moreover, the result of 
the cell counting at each concentration was the average over 3-5 micrographs (not all 
shown). A single Salmonella t. cell was about 1.5 μm long and 1 μm wide with a mass of 
about 1 ×10-12 g (see the scanning electron microscopy (SEM) micrographs of Salmonella 
t. shown in Figs. C-4 (a)-(c)).  By counting the number of cells on the SEM micrographs 
as described above, we obtained Δm/Δf = −6 ± 5 ×10−11  g/Hz for both the 1-mm and 1.5-
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mm dipping depths and for both the 1×107, and 1×105 cells/ml concentrations, consistent 
with the mass detection sensitivity obtained from the antibody immobilization results. In 
addition, the same mass detection sensitivity was obtained by the cell counting method 
over four different sets of micrographs (obtained at two different concentrations, each at 
two different dipping depths), indicating the validity of the mass detection sensitivity 
estimated by the cell counting method. Comparing to the Δm/Δf of −5±1×10-11 as 
determined from the antibody immobilization experiment described above, the Δm/Δf 
determined by the cell counting method had a significantly larger error bar. This was due 
to the fact that in addition to the uncertainty of the dipping depth, the cell counting 
method also had the uncertainty of the cell mass (not every cell had the same size) and 
the uncertainty of the number of cells captured per SEM frame. The fact that both the 
antibody immobilization experiment and the cell counting experiments at four different 
detection conditions gave essentially the same Δm/Δf indicated the validity of the 
deduced Δm/Δf. 
 
C.4 Conclusion 
In summary, figure C-5 showed Δf at 30 min versus Salmonella t. concentration 
as obtained by the PZT/gold-coated glass cantilever with full squares and open triangles 
denoting a 1.5-mm and 1-mm dipping depth, respectively. Also shown in Fig. C-5 were 
the infection dosage (open circle) and the detection limit of a commercial Raptor (open 
square). The current detection limits of 1×103 cells/ml at a 1-mm dipping depth and 500 
cells/ml at a 1.5-mm dipping depth were well below the infection dosage, 1×105 
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cells/ml.[262] It was also lower than the 2×104 cells/ml detection limit of the commercial 
Raptor sensor.[263] 
 
Figure C-5: −Δf versus concentration at 90% relative humidity of the PZT/gold-coated 
glass cantilever where open triangles and full squares denote a 1-mm and 1.5-mm dipping 
depth, respectively, where Δf denotes the resonance frequency shift after 30 min. 
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